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ABSTRACT
WILLIAM C. BUCHTA. Restoration of Intrinsic Inhibition in the PFC to Prevent Relapse
to Cocaine Seeking. (Under the direction of ARTHUR RIEGEL, Ph.D.)
Reward learning involves burst firing of midbrain dopamine neurons in the Ventral
Tegmental Area (VTA). The resulting dopamine release from VTA terminals instructs
regions like the prefrontal cortex (PFC) about rewards and reward-related cues.
Glutamatergic PFC neurons initiate motivated behaviors via innervation of the nucleus
accumbens. Chronic use of drugs of abuse such as cocaine disrupts this natural reward
pathway, leading to enduring cellular adaptations in dopaminergic signaling that
contribute to relapse vulnerability. However, how dopamine modulates activity in this
circuitry is not known. We posit that dopamine release from VTA terminals gates intrinsic
inhibition in the PFC via a dopamine D1 receptor mediated reduction in potassium
channel function. By blocking dopamine reuptake in the cortex, cocaine elevates
dopamine signaling at these receptors, increasing D1 receptor activation and the
subsequent activation of intracellular signaling cascades. We propose that disruptions in
these mechanisms following chronic cocaine use contribute to addiction pathology,
resulting in long–lasting reductions in intrinsic inhibition that contribute to drug-seeking in
response to cues. We test this hypothesis using the extinction–reinstatement rodent
model of cocaine addiction. This in vivo protocol resembles the human condition, in that
exposure to drug-associated cues induces drug-seeking behavior. In combination with in
situ electrophysiology, chemogenetics, optogenetics, and retrograde tracing, we show
that activation of VTA terminals reduces intrinsic inhibition in accumbens core-projecting
prelimbic (PL) PFC cells. Operant cocaine self-administration renders PL cells
hypersensitive to depolarization via elevated D1 receptor signaling, resulting in calcium
store dependent desensitization of inhibitory Kv7 potassium channels and an enduring
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reduction in intrinsic inhibition. The deficit in Kv7 function and intrinsic inhibition is
overcome by pharmacological stabilization of Kv7 channels with retigabine, which when
microinjected into the PL reduces cue-induced reinstatement of cocaine-seeking. These
studies underscore the significance of dopamine modulation of intrinsic inhibition in
accumbens-projecting PL neurons as a mediator of relapse to drug seeking, and offer
Kv7 as a potential novel drug target for cocaine addiction.
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CHAPTER 1:
Background and Hypothesis:
Chronic cocaine disrupts mesocortical learning mechanisms

This chapter, in toto, has been previously published by Elsevier as a review article in
Brain Research. Minimal changes to the text have been made for inclusion in this
dissertation. The published article can be found here:
Buchta, W.C., Riegel, A.C., 2015. Chronic cocaine disrupts mesocortical learning
mechanisms. Brain Research 1628, 88–103. doi:10.1016/j.brainres.2015.02.003
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Introduction
A better understanding of the brain will facilitate the development of successful
treatments for neuropsychiatric diseases. One neuropsychiatric disease especially
resistant to treatment is drug addiction, where in the U.S. alone over 20 million people
suffer from substance dependence or abuse (Substance Abuse and Mental Health
Services Administration, 2011; 2014). Addiction results from chronic use of substances
like cocaine that usurp the brains normal reward pathways, causing cellular adaptations
that contribute to the disease. As a result, the behaviors of drug addicts change. They
become more impulsive, less reflexive, demonstrate general cognitive impairment, and
despite a desire to end their drug-use, remain vulnerable to relapse even after extensive
periods of abstinence (Goldstein and Volkow, 2011; 2002; Kalivas and McFarland, 2003;
Kalivas and O'Brien, 2007). Thus, a better understanding of the neurobiology that
contributes to relapse vulnerability will aid in the development of successful addiction
therapies.
Prefrontal cortex (PFC) disruption is a hallmark of addiction (Goldstein and
Volkow, 2011; Kalivas et al., 2005; Kalivas and Volkow, 2005). The current dogma,
based largely upon clinical imaging data with support from pre-clinical studies, is that
activity in the PFC is reduced during abstinence from chronic cocaine, but elevated
during periods of intoxication or craving (for reviews see Goldstein and Volkow, 2011;
2002). However, the majority of studies that examine PFC neuronal excitability in
reduced preparations (acute slices or dissociated neurons) find that the intrinsic
excitability of cortical neurons is enhanced following chronic cocaine exposure
(discussed below). In this chapter, I posit the hypothesis that following chronic cocaine
experience, a loss of intrinsic potassium channel mediated inhibition underlies the
enhanced PFC responsiveness to cues characteristic of drug addicts. Additional cellular
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adaptations beyond the scope of this dissertation may account for the hypofrontality
observed during resting conditions. However a recent study has attributed PFC
hypofrontality to a reduction in PFC intrinsic excitability (Chen et al., 2013), and I provide
a plausible, albeit untested, scenario that may explain these conflicting observations, as
well as additional possibilities that could contribute to this discrepancy (See page 34).
Addiction induced changes in cortical function are thought to be the result of
drug-induced

plasticity

in

dopaminergic

signaling,

producing

enduring

cellular

adaptations that contribute to relapse vulnerability (Volkow et al., 2002; 2009; 1993;
1991; 2008). Dopaminergic signaling in the cortex has been extensively investigated at
multiple levels, ranging from investigations of dopamine-induced changes in intracellular
signaling to investigations of cortical dopamine’s role in complex behaviors. In healthy
animals, dopamine’s actions facilitate the learning of cues that predict rewards (Schultz,
1998). Drugs of abuse such as cocaine ‘hijack’ this dopaminergic signal (Schultz, 2011),
increasing dopamine beyond natural levels to enhance the encoding of cues predictive
of drug rewards (Heien et al., 2005; Phillips et al., 2003), thus establishing powerful and
enduring memories that promote drug use. Thereafter, learned drug-paired cues initiate
relapse-events by activating the PFC, which via its glutamatergic projections to the
nucleus accumbens, induce drug craving and initiate drug seeking (Gipson et al., 2013;
Kalivas and McFarland, 2003; Stefanik et al., 2015; 2013).
Understanding how dopamine encodes rewards in the PFC is expected to reveal
the mechanisms by which drug-paired cues come to exert such powerful control over the
behavior of those suffering from drug addiction. Therefore, in this introduction, I explore
a cellular mechanism by which cortical dopamine signaling could facilitate reward
learning, specifically by reducing the inhibition provided by potassium channels that
regulate the repetitive firing of pyramidal neurons. I then discuss this mechanism’s
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potential vulnerability for dysfunction following chronic psychostimulant exposure, which
is known to produce adaptations in intracellular signaling cascades within the PFC. The
subsequent chapters in this dissertation then build from this conceptual framework,
exploring the hypothesis that dopamine release in the PFC gates intrinsic potassium
channel mediated inhibition (Chapter 3), and that following chronic cocaine selfadministration, altered intracellular signaling disrupts this potassium channel mediated
inhibition, potentially contributing to drug seeking behavior in response to cocaine-paired
cues (Chapter 4). A discussion of these findings in relation to the field, as well as
unanswered questions pertaining to this work can be found in Chapter 5.

A. In vivo neuronal activity in the PFC during learning and working memory
The PFC is an important brain structure required for many higher-order cognitive
processes, including abstract rule learning (Durstewitz et al., 2010; Puig et al., 2014),
working memory (Arnsten et al., 2010; 2012), and behavioral control (Gourley and Taylor,
2016; Jentsch et al., 2000; Moorman et al., 2015; Peters et al., 2009). This is exemplified
by laboratory studies utilizing in vivo recordings of neuronal activity in the PFC during
complex tasks. During the learning of these tasks, which often involves training to
respond to the presentation of a discrete environmental cue, the action potential firing
patterns of PFC neurons changes as animals become more efficient in the task over
time. For example, recordings of PFC activity in primates during training to associate a
cue with a saccadic eye movement demonstrate increases in PFC neuron activity in
response to the cues occur earlier within each successive trail as monkeys behavioral
performance increases (Asaad et al., 1998). Furthermore, this increase in activity is
sustained into the following trials, resulting in improved behavioral accuracy (Histed et al.,
2009). Studies in rodents have shown similar changes in PFC firing during learning. For
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example, in a rodent go no-go task, neurons developed sustained changes in firing in
response to a ‘go cue’ in parallel with behavioral learning in a contingency dependent
manner (Mulder et al., 2003). During the go trials, this sustained firing correlated with the
cue-motor sequence for reward, but not any individual aspects of the cue or motor
sequence. Furthermore, in rodents learning to self-administer natural rewards (water),
some PFC neurons appear to display anticipatory responses during the selfadministration phase that disappear during extinction training but return when the reward
availabilty is resumed during reinstatement (Peters et al., 2005). These studies highlight
the fact that learning behavioral tasks can result in increased neuronal firing of PFC
neurons during behavioral performance.
Dopamine signaling in the PFC dynamically regulates the firing patterns of PFC
neurons during these types of higher-order cognitive behaviors. This has been best
characterized in tasks of working memory, where optimal levels of dopamine receptor
signaling are required for accurate working memory performance (for review, see
Arnsten et al., 2012). In experiments with these working memory tasks in primates,
monkeys learn to withhold responding to a cue for an extended delay period in order to
receive a reward. During this delay period, PFC neurons display sustained firing, or
persistent activity, in the absence of external stimuli. This persistent activity during delay
periods is maintained in part by dopamine receptor signaling, and is thought to be a
cellular correlate for working memory, representing information such as learned cues,
motor responses, and abstract rules (Asaad et al., 1998; Buschman et al., 2012;
Durstewitz et al., 2010; Parker et al., 2013; Phillips et al., 2008; Puig et al., 2014; Savin
and Triesch, 2014; Sawaguchi and Goldman-Rakic, 1991; Williams and Goldman-Rakic,
1995). The cellular mechanisms for this type of persistent activity are complex and
reviewed in detail elsewhere (Arnsten et al., 2012; 2010; Durstewitz and Seamans,
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2006; Durstewitz et al., 2000a; 2000b), however the general consensus from these
studies is that dopamine functions to enhance and stabilize active representations in the
cortex, while suppressing competing or distracting inputs from disturbing the currently
active representation. Indeed, tightly regulated dopamine receptor signaling helps to
maintain relevant information in the PFC, facilitating flexible cognitive behaviors
(Groman and Jentsch, 2011; Lee et al., 2007; Puig et al., 2014; Puig and Miller, 2015;
Sawaguchi and Goldman-Rakic, 1991; van Holstein et al., 2011).

B. Anatomy of the mesocortical dopamine system
Midbrain dopamine neurons provide the majority of dopaminergic tone to the
PFC. These neurons fire bursts of action potentials in response to rewards or cues
predictive of reward, releasing dopamine in their terminal regions (Garris and Wightman,
1994; Owesson-White et al., 2008; Paladini and Roeper, 2014; Robinson et al., 2003;
Schultz, 2002; 1998; Schultz and Hollerman, 1998). A variety of brain regions receive
dopaminergic input from midbrain dopamine neurons, including the PFC and nucleus
accumbens (Garris and Wightman, 1994; Lammel et al., 2008; Yetnikoff et al., 2014).
Dopamine released from these terminals provides a teaching signaling that is thought to
encode information about rewards and their associated cues (Schultz, 2006; 2002;
Schultz and Hollerman, 1998). Drugs of abuse such as cocaine can commandeer this
pathway, and cause adaptations in mesocortical dopamine signaling that lead to
addiction-induced changes in PFC function (Volkow et al., 2009; 2002) and the loss of
control over drug seeking behavior (Goldstein and Volkow, 2011).
The mesocortical system refers to the dopaminergic projection from the ventral
midbrain, including the ventral tegmental area (VTA) and substantia nigra, to the PFC.
This pathway is distinct from the mesolimbic system involving dopaminergic projections
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to striatal regions (Garris and Wightman, 1994; Lammel et al., 2008; Yetnikoff et al.,
2014). In comparison to dopaminergic terminals of the striatum, mesocortical terminals
are slow to mature, and not fully developed until early adulthood (Benes et al., 1996;
Kalsbeek et al., 1988; Naneix et al., 2012; Tarazi et al., 1999; 1998). The dopamine cells
that project to the PFC are located medially within the VTA in the paranigral and
parabrachial regions, compared to the more lateral locales of mesolimbic dopamine
neurons (Lammel et al., 2008). These PFC projecting VTA dopamine neurons are also
unique in that they lack somatodendritic Girk2-coupled dopamine D2 autoreceptors
(Lammel et al., 2008). Mesocortical dopamine neurons also markedly different from the
mesolimbic dopamine neurons innervating the accumbens in neurotransmitter release
and reuptake mechanisms, as well as plasticity and associated behaviors (Ford and
Williams, 2008; Garris et al., 1993; Garris and Wightman, 1994; Hoffmann et al., 1988;
Lammel et al., 2011; 2012). While dopamine transmission in the mesolimbic system is
better understood and findings from the mesolimbic system are often generalized to
dopamine signaling in the cortex, several unique architectural features of the
mesocortical system may render it especially vulnerable to drugs of abuse like cocaine.
In rodents and nonhuman primates, dopaminergic fibers appear densest in
deeper cortical layers (Benes et al., 1996; 2000; Martin and Spühler, 2013). These
terminals contact both pyramidal cells and GABA interneurons, with at least one
synapse per dendrite (Krimer et al., 1997). Tyrosine hydroxylase (TH; the enzyme
necessary for dopamine synthesis) is expressed at similar locations. TH+ terminals
make symmetrical contacts onto pyramidal cells, mostly at locations adjacent to spines
receiving excitatory input, suggesting dopamine regulates excitation and could facilitate
plasticity at synaptic spines (Goldman-Rakic et al., 1989; Sesack et al., 2003). However
the majority of dopaminergic axons do not appear to form synapses, consistent with a
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role for non-synaptic dopaminergic transmission (Rice and Cragg, 2008; Spühler and
Hauri, 2013).
Indeed, dopamine fibers in the PFC display an anatomical architecture that may
enable nonsynaptic (or volumetric) signaling. The PFC exhibits sparse immunoreactivity
for dopamine transporters (DAT) (Sesack et al., 1998) that are further away from sites of
synaptic release compared with the location of DATs in the striatum (Sesack et al.,
2003). The relative scarcity of DATs and lack of autoreceptors means that in the PFC
dopamine likely spreads substantially from release sites and persists at higher
concentrations for prolonged periods time as compared to striatal regions (Garris et al.,
1993; Garris and Wightman, 1994; Hoffmann et al., 1988). Furthermore, unlike in the
striatum, the concentration of dopamine in the cortex is likely not uniform but graded,
with ‘hotspots’ of dopamine concentrations greatest near VTA-terminal release sites
(Spühler and Hauri, 2013). Measurements of dopamine levels suggest basal dopamine
concentrations fluctuate in the low (0.3-15) nanomolar range during tonic dopamine
neuron firing (Devoto et al., 2001; Garris et al., 1993; Garris and Wightman, 1994;
Hernandez and Hoebel, 1995; Hildebrand et al., 1998; Ihalainen et al., 1999; Izaki et al.,
1998; Seamans and Yang, 2004), while dopamine neuron bursting could elicit transients
in the cortex that approach ~1 micromolar near release sites (Garris and Wightman,
1994; Spühler and Hauri, 2013). In addition to reuptake by transporters, dopamine
signaling

is

also

regulated

by

enzymatic

degradation

via

both

catechol-O-

methyltransferase (COMT) and monoamine oxidase (MAO), with a greater role for
COMT in dopamine degradation within the cortex compared to the striatum (Yavich et al.,
2007).
Dopamine exerts its action by binding to dopamine receptors (D1-5), all of which
are metabotropic G-protein coupled receptors (GPCRs) often broadly grouped into
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subgroups: D1-like (D1, D5) and D2-like (D2-4). Both D1- and D2-like receptors have
similar affinities for dopamine that depends upon their conformation state. In their highaffinity state, both groups of receptors bind dopamine in the tens of nanomolar range,
while in the low affinity state they bind with dopamine only at higher (1-5 micromolar)
concentrations (Rice and Cragg, 2008; Richfield et al., 1989; Spühler and Hauri, 2013).
Agonist binding to receptors in the high affinity state results in the activation of
downstream signaling cascades, and switches receptor conformation to the low-affinity
state. While D1 receptors account for a larger portion of dopamine receptors (~78% in
most brain regions), only ~30% of D1 receptors exist in the high affinity state compared
to ~80% for D2 receptors (Richfield et al., 1989). Of the two families, D1-like receptors in
the cortex are found almost exclusively in perisynaptic or extrasynaptic locales, while D2
receptors may be located more synaptically (Seamans and Yang, 2004). Modeling
studies of the primate cortex suggest even without dopamine neuron burst firing, cortical
dopamine levels should be at high enough concentrations to effectively activate
dopamine receptors in their high affinity state even at locations distant from dopamine
release sites through diffusion (Spühler and Hauri, 2013). This suggests that in the
healthy cortex, both D1 and D2 dopamine receptors should be sensitive to graded
changes in tonic dopamine neuron firing, and that dopamine release during VTA neuron
burst firing likely teaches the cortex by changing dopamine concentrations relative to
baseline levels, transiently increasing the likelihood of dopamine binding to extrasynaptic
D1 receptors via diffusion.
Dopamine D1 receptors exist on spines and dendritic shafts, but are most
commonly found proximal to large asymmetric (presumably excitatory) synapses that do
not receive contacts from TH+ terminals (Bergson et al., 1995; Goldman-Rakic et al.,
1989; Smiley et al., 1994), suggesting these receptors may be exclusively activated by
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dopamine diffusion. Furthermore, many shafts contain extrasynaptic D5 receptors that
form signaling microdomains by coupling with IP3 and intracellular calcium signaling
(Bergson et al., 1995; Paspalas and Goldman-Rakic, 2004), further suggestive of a
specific role for the D1-like receptor subtype in nonsynaptic (or volumetric) dopamine
signaling. This unique architecture suggests that dopamine released in the PFC during
burst firing may produce modulation and induce plasticity via dopaminergic spillover to
extrasynaptic D1-like receptors at synapses distant from dopamine release sites.
Perhaps the degree to which these extrasynaptic receptors are recruited during reward
learning depends on the degree of dopamine neuron burst firing, with greater dopamine
spillover activating more extra-synaptic dopamine D1/5 receptors.
How does the activation of extrasynaptic D1-like dopamine receptors promote
synaptic plasticity and reward learning? As described below, existing studies suggest
that dopamine may function as a metaplasticity signal in the cortex, priming plasticity at
strongly activated glutamatergic synapses by regulating the intrinsic excitability of
pyramidal neurons.

C. Plasticity in intrinsic excitability as a cellular mechanism for learning
It is now well established that both dopamine and learning increase neuronal
excitability via nonsynaptic (intrinsic) mechanisms (Daoudal and Debanne, 2003;
Mozzachiodi and Byrne, 2010; Oh and Disterhoft, 2014; Saar and Barkai, 2009; W.
Zhang and Linden, 2003). Non-synaptic changes in intrinsic excitability are one of many
mechanisms of plasticity in neurons, and in addition to being a form of plasticity in their
own right, are thought to serve as a form of metaplasticity, regulating the likelihood of
future plasticity (Abraham and Bear, 1996; Abraham and Tate, 1997, but see Sehgal et
al., 2013). These changes reflect adaptations in ion channels and intracellular signaling
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cascades that alter the integration and processing of electrical signals such as those
mediated by glutamate and GABA. Intrinsic excitability mechanisms also regulate the
synchronization between networks of neurons throughout the brain, including the
rhythmic activity of neuronal oscillations important for cognitive function (Buschman et al.,
2012; Gutkin et al., 2001; H. Hu et al., 2002; McCormick and Sanchez-Vives, 2000; E. M.
Mueller et al., 2014; Paz et al., 2008; Uhlhaas, 2009; Waldhauser et al., 2014; Ward,
2003).
One of the most widely observed learning-induced changes in intrinsic excitability
involves changes in after-hyperpolarization (AHP) potentials that regulate repetitive
action potential firing. In particular, as reviewed below, the slow after-hyperpolarization
(sAHP) that contributes to spike-frequency adaptation (accommodation; the slowing of
action potential firing in response to sustained depolarization) seems to be especially
sensitive to learning and neuromodulation (Andrade et al., 2012; Oh and Disterhoft,
2014; Sehgal et al., 2013), such that learning often transiently reduces the sAHP,
reducing spike-frequency adaptation and enhancing neuronal excitability. Despite their
clear importance for learning, these mechanisms are poorly understood compared to
their synaptic counterparts.
Unlike the fast synaptic excitation mediated solely by glutamatergic activation of
NMDA and AMPA receptors (Kessels and Malinow, 2009), calcium influx through
voltage-gated channels is the most common mechanism for activation of the sAHP,
which is gated by complex intracellular signaling cascades involving intracellular calcium
signaling (see Andrade et al., 2012 for details). Cytoplasmic rises in calcium either via
calcium influx through voltage-gated calcium channels or calcium release from
intracellular stores bind with proteins of the neuronal calcium sensor (NCS) family, such
as hippocalcin and neurocalcin δ (Markova et al., 2008; Tzingounis et al., 2007;

20

Villalobos and Andrade, 2010). Upon binding to calcium, these calcium sensors
translocate to the plasma membrane, where they are thought to localize to the
potassium channels underlying the sAHP (Andrade et al., 2012; Markova et al., 2008).
The underlying channels have been elusive, and have led some to hypothesize that the
sAHP may reflect a “generalized potassium channel gating mechanism” (Andrade et al.,
2012). However recent evidence suggests that KCa3.1 channels may mediate the sAHP,
at least in hippocampal neurons (King et al., 2015). Other candidates have been big
conductance calcium activated potassium channels (BK), small conductance calcium
activated potassium channels (sK), and Kv7/KCNQ channels (Gu et al., 2007; Soh and
Tzingounis, 2010; Tzingounis et al., 2010; Tzingounis and Nicoll, 2008; Villalobos, 2004;
Vogalis et al., 2003). The complexity of this response is likely in part responsible for its
remarkable utility in many forms of associative learning (Oh and Disterhoft, 2014; Sehgal
et al., 2013).
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C.1. Plasticity in the sAHP and spike accommodation during learning
Learning induced increases in intrinsic plasticity occur in simple organisms
including aplysia (Brembs et al., 2002; Lorenzetti et al., 2008; 2005; Mozzachiodi et al.,
2008) as well as in complex mammalian circuits such as the piriform cortex (Saar et al.,
1998), hippocampus (Coulter et al., 1989; Matthews et al., 2009; McKay et al., 2009;
Moyer et al., 2000; Oh et al., 2003; Zhang et al., 2013), and amygdala (Motanis et al.,
2014; Sehgal et al., 2014). The medial PFC also displays these mechanisms with subregion specificity (dorsal prelimbic neurons and ventral infralimbic neurons often show
site specific learning-induced changes in intrinsic excitability) (Hayton et al., 2011;
Santini et al., 2008; Sepulveda-Orengo et al., 2013). In these systems, transient
reductions in the sAHP and spike accommodation are learning-specific and behaviorally
appropriate. Animals that fail to learn tasks lack these excitability changes (Kaczorowski
and Disterhoft, 2009; Moyer et al., 1996). In those that do learn, the excitability reverses
with extinction training (McKay et al., 2009; Santini et al., 2008). Pharmacological
manipulation of potassium channels (BK (Matthews and Disterhoft, 2009), sK (McKay et
al., 2012), or

Kv7 (Santini and Porter, 2010)—all of which play roles in regulating

excitability and the AHP), can either enhance or prevent learning.

C.2. Dopamine regulation of the slow after-hyperpolarization (sAHP)
Could dopamine neuron burst firing inform the cortex about rewards by reducing
the sAHP to enhance neuronal excitability? If so, according to our hypothesis, this
dopamine signal would inhibit the sAHP by binding to the extra-synaptic D1-like
receptors. Indeed, in PFC brain slices, bath application of dopamine enhances cortical
neuron excitability via modulation of multiple ion channels (Dong et al., 2004; Dong and
White, 2003; Kisilevsky et al., 2008; Maurice et al., 2001; Penit-Soria et al., 1987; Seong
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and Carter, 2012; Witkowski et al., 2008; Yang and Seamans, 1996 but see Seamans
and Yang, 2004 for review), including by inhibiting the sAHP and spike-frequency
adaptation (Thurley et al., 2008; Yi et al., 2013). In vivo stimulation of the VTA to mimic
burst firing also produces similar increases in PFC neuron excitability, an effect that lasts
for extended periods of time (>45mins) (Lavin et al., 2005), further supporting the idea
that VTA neuron burst firing teaches the cortex about rewards by enhancing neuronal
excitability in the cortex.
The effects of dopamine on the sAHP appear to be mediated by an increase in
cyclic adenosine monophosphate (cAMP) production and PKA activity, and not via
closure of voltage-gated calcium channels (Malenka and Nicoll, 1986; Pedarzani et al.,
1998; Pedarzani and Storm, 1993; 1995). However evidence also suggests D1 receptors
activate additional signaling cascades that could be involved. For example, dopamine
D1 receptor stimulation in PFC slices has been shown to produce a long-lasting
enhancement of intrinsic excitability via phospholipase-C (PLC) / protein kinase C (PKC)
/ and intracellular calcium signaling (Chen et al., 2007). In addition to coupling to Gαs,
dopamine D1-like receptors in the PFC may couple to Gαq, either alone or in concert
with D2 receptor heteromers to stimulate PLC activation and mediate calcium release
from intracellular stores (Jin et al., 2001; Lee et al., 2004; So et al., 2009). However this
possibility has yet to be thoroughly investigated in PFC neurons.
Dopamine D1 receptors have also been shown to potentiate calcium release
from intracellular stores via cAMP and PKA signaling (Dai et al., 2008). This may occur
via PKA-mediated phosphorylation of ryanodine receptors that gate calcium release from
intracellular stores, similar to the well-characterized cellular signaling cascades in
cardiac tissue and skeletal muscle (Kushnir and Marks, 2010; Marx et al. 2013; Xiao et
al. 2007). Furthermore, anatomical studies demonstrate that extrasynaptic D5 receptors
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form microdomains with IP3 gated intracellular calcium stores (Paspalas and GoldmanRakic, 2004). For a detailed account of additional dopamine signaling cascades, see
(Beaulieu and Gainetdinov, 2011; Neve et al., 2004; Tritsch and Sabatini, 2012). These
dopamine-regulated signaling cascades that alter calcium release from intracellular
stores, in combination with activation of cAMP and PKA signaling, may be important for
the inhibition or “gating” of the sAHP by dopamine, or for inhibition of Kv7 channels,
which contribute to accommodation and are inhibited by neuromodulator-induced
increases in calcium release from stores (Delmas and Brown, 2005; Gamper and
Shapiro, 2003; Selyanko and Brown, 1996; Wang et al., 1998).
It is worth noting that many neurotransmitters with various intracellular signaling
cascades increase neuronal excitability by reducing accommodation and the sAHP. This
includes receptors for dopamine as well as glutamate (Burke and Hablitz, 1996; Young
et al., 2008), acetylcholine (Knöpfel et al., 1990; Pedarzani and Storm, 1993; Power and
Sah, 2008), norepinephrine (Knöpfel et al., 1990; Mueller et al., 2008; Otis and Mueller,
2011; Power and Sah, 2008), serotonin (Pedarzani and Storm, 1993; Satake et al.,
2008), and various neuropeptides like CRF (Haug and Storm, 2000) and kisspeptin
(Zhang et al., 2013). Therefore, while the mechanisms are not fully understood and may
vary by cell type, the potassium channel inhibition underlying accommodation and the
sAHP appears to be under complex regulation by multiple neurotransmitters and
intracellular signaling cascades, including cAMP / PKA signaling, PLC / PKC /
phosphatidylinositol 4,5-biphosphate (PIP2) signaling, and calcium signaling from
intracellular stores, as well as diffusible intracellular calcium sensor proteins (Andrade et
al., 2012; Delmas and Brown, 2005; Haug and Storm, 2000; Sah and Bekkers, 1996;
Villalobos and Andrade, 2010). Neuromodulation of any of these signaling molecules
may alter accommodation and the sAHP.
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In regards to dopamine and reward learning, it appears that burst firing of VTA
neurons during rewards or cues predictive of rewards would lead to dopamine release in
the cortex and activation of extrasynaptic D1-like receptors. This would activate multiple
intracellular signaling cascades important for plasticity, including cAMP, PKA, and
intracellular calcium signaling. While this likely has many consequences for cellular
function, the dopamine teaching signal may involve a reduction in accommodation and
the sAHP, subsequently increasing intrinsic excitability. Neurons with enhanced overall
neuronal excitability immediately prior to behavioral training preferentially contribute to
memory formation and their activation is sufficient for memory retrival (Sehgal et al.,
2014; 2013; Yiu et al., 2014). Therefore, we propose that reductions in accommodation
and the AHP by dopamine may facilitate the establishment of behaviorally relevant
neuronal ensembles in the PFC. As discussed below, one way this may occur is by
facilitating synaptic plasticity at strongly activated glutamatergic synapses.

C.3. Implications for synaptic plasticity and memory consolidation
Dopaminergic modulation of intrinsic excitability gates the induction of synaptic
plasticity, which is required for the establishment of neuronal ensembles (O'Donnell,
2003; Rogerson et al., 2014; Yuan et al., 2011). Dopamine does this via interplay
between multiple mechanisms that occur beyond the insertion of glutamatergic receptors
(Durstewitz and Seamans, 2006; Malinow and Malenka, 2002; Seamans and Yang,
2004). Increased postsynaptic excitability enhances the likelihood of excitatory inputs
eliciting action potentials, thus facilitating the induction of long-term potentiation (LTP) at
active synapses via Hebbian learning mechanisms (Sehgal et al., 2013). Indeed,
dopaminergic activation of D1-like receptors increases the insertion of glutamatergic
AMPA receptors (specifically GluR1 containing subunits via a PKA dependent
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mechanism) into the cellular membrane, however only at extrasynaptic sites (Sun et al.,
2005). These newly inserted receptors remain extrasynaptic and are only incorporated
into synapses when the activation of D1 receptors is followed by strong NMDA receptor
activation (Sun et al., 2005). It is important to note also that changes in AHPs, if they
result in long-lasting enhancements in excitabilty, may also facilitate responses to
synaptic input indepent of LTP, however with less specificity for individual excitatory
inputs.
Dopamine inhibition of the sAHP likely potentiates NMDA receptor signaling, as
NMDA mediated excitatory potentials and after-depolarizations are inhibited by the
sAHP (Fuenzalida et al., 2007; Lancaster et al., 2001; Wu et al., 2004). Therefore,
inhibition of the sAHP by dopamine and learning would be predicted to promote NMDA
receptor mediated after-depolarization, thus dramatically strengthening NMDA receptor
signaling, allowing for AMPA receptor translocation to synapses. In addition to being
necessary for the synaptic insertion of AMPA receptors, dopamine-induced potentiation
of NMDA receptor conductance is also thought to facilitate cortical upstates (sustained
depolarizations important for learning and cognitive function) (Lewis and O'Donnell,
2000; O'Donnell, 2003). These upstates contribute to maintained PFC neuron firing
observed during behavioral states such as working memory, where PFC activity persists
for a period of time beyond cue presentation (Arnsten et al., 2012; Durstewitz et al.,
2000a; 2000b; Sawaguchi and Goldman-Rakic, 1991; Wang, 2001; Williams and
Goldman-Rakic, 1995). However, it is important to note that other mechanisms may
contribute to persistent activity in the PFC as well, including mGluR5 mediated
depolarizations that can occur following a burst of action potentials (Sidiropoulou et al.,
2009). D1 receptor activation reduces persistent activity mediated via this mechanism.
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Activation of dopamine D1 receptors also facilitates changes in NMDA receptor
expression. D1-like receptors and NMDA receptors appear to interact directly, forming
perisynaptic clusters of receptor reservoirs near glutamatergic synapses (Kruse et al.,
2009; Ladepeche et al., 2013). Work in hippocampal neuronal cultures suggests when
D1 receptors are activated, they dissociate from NMDA receptors, allowing the NMDA
receptors to translocate into synapses and facilitate LTP (Ladepeche et al., 2013).
Similar mechanisms may be operative in the PFC. In PFC neurons, the co-localization of
D1 and NMDA receptors (specifically GluN1 subunits) also promotes D1 receptor
induced potentiation of NMDA mediated increases in cytosolic calcium, effects blocked
by PKA inhibition (Kruse et al., 2009). Furthermore, activation of D1 receptors appears
to increase the surface expression of NMDA receptors (specifically GluN1 and GluN2B
subunits, but not GluN2A) via mechanisms that instead of involving PKA may involve
Fyn and/or tyrosine kinase activity (Gao and Wolf, 2008; Hu et al., 2010). These findings
are consistent with electrophysiological studies demonstrating that activation of D1
receptor signaling potentiates NMDA receptor signaling to promote LTP at excitatory
synapses in the PFC (Chen et al., 2004; Gurden et al., 2000; Seamans et al., 2001a).
These changes in glutamate receptor signaling may be secondary to dopamineinduced changes in intrinsic excitability that gate the induction of synaptic plasticity.
Inhibition of the sAHP facilitates the expression of LTP by enhancing NMDA
conductance and reducing the threshold for LTP expression (Cohen et al., 1999; Kramár
et al., 2004; Sah and Bekkers, 1996). Furthermore, inhibition of the sAHP gates the
induction of spike-timing dependent plasticity (STDP) (Zaitsev and Anwyl, 2012),
facilitating LTP by extending the temporal window for its induction (Fuenzalida et al.,
2007; Ruan et al., 2014; Xu and Yao, 2010; Zhang et al., 2009), ultimately promoting the
consolidation of memories (Cohen-Matsliah et al., 2010; Thompson et al., 1996).
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Therefore, it appears that increasing the intrinsic excitability of neurons by
reducing the inhibition provided by the sAHP could underlie the ability of
neurotransmitters like dopamine to gate synaptic plasticity in cortical-striatal circuits
(Izhikevich, 2007; Pawlak and Kerr, 2008; Pawlak et al., 2010; Sheynikhovich et al.,
2013; 2011; Vogt and Hofmann, 2012) (see Figure 1). Together, this suggests that
behaviorally relevant neuronal ensembles in cortical-striatal circuits are established by
dopamine-induced enhancement of cortical intrinsic excitability in response to cues and
rewards.
Although both dopamine and learning regulate intrinsic excitability by modulating
the sAHP and spike accommodation, these mechanisms are often overlooked when
considering pathological neuroadaptations associated with addiction. As plasticity in the
sAHP and spike accommodation appear fundamental to learning processes, they likely
undergo adaptations following chronic cocaine that contribute to PFC dysfunction and
addiction pathology. Indeed, as discussed below, most if not all of the intracellular
cascades that regulate accommodation and the sAHP undergo adaptations following
chronic in vivo exposure to drugs of abuse.

D. Adaptations in mesocortical function following chronic cocaine:
Chronic cocaine use induces adaptations in dopaminergic signaling within the
PFC that may disrupt the intricate signaling cascades regulating intrinsic excitability and
synaptic plasticity. An understanding of these cellular adaptations and their contribution
to PFC dysfunction and addiction pathology is expected to aid the development of
treatments for relapse prevention. Therefore, below we highlight known adaptations
caused by chronic cocaine and their potential impact on the signaling cascades
regulating accommodation and the sAHP, as well as cortical function in general.
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D.1. Reduced basal function
Human cocaine addicts demonstrate reduced levels of basal metabolic activity in
the PFC after prolonged abstinence from cocaine (Volkow et al., 1993; 2001). The
cocaine-induced reduction of PFC activity observed in humans has also been observed
in animal models of cocaine self-administration: Under resting state conditions after
weeks of cocaine exposure, measurements of cerebral blood volume indicate reduced
metabolic activity in the medial PFC and accumbens (Gozzi et al., 2011), and
electrophysiology and fMRI studies denote decreased communication between the PFC,
accumbens core, and orbital frontal cortex (Lu et al., 2014; McCracken and Grace, 2013).
Rats that self-administer sucrose do not develop such adaptations (H. Lu et al., 2012),
suggesting that altered cortical functioning is not a result of general reward learning, but
instead may reflect adaptations produced by chronic cocaine experience.

D.2. Heightened reactivity to cues
The PFC of drug addicts becomes hyper-active in response to cocaineassociated cues or tasks requiring sustained attention (Garavan et al., 2000; Goldstein
and Volkow, 2002; Howell and Wilcox, 2002; Kosten et al., 2006; Maas et al., 1998;
Tomasi et al., 2007a; 2007b). Similar findings have also been observed in animal
models of cocaine addiction, where after weeks of cocaine exposure cortical neurons
demonstrate reduced baseline firing rates but resumption of cocaine self-administration
increases bursting and the firing rates within bursts (Sun and Rebec, 2006). Furthermore,
re-exposure to cocaine-predictive cues potentiates PFC prelimbic neuron firing during
drug seeking (Rebec and Sun, 2005; West et al., 2014). While it is unknown which brain
regions drive the PFC to respond to drug-cues, basolateral amygdala (BLA) influence on
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PFC activity appears increased, while dopaminergic regulation of BLA-evoked
responses are degraded in psychostimulant-experienced animals (McCracken and
Grace, 2013; Tse et al., 2011). Dopaminergic signaling in the PFC normally ‘gates’
excitatory inputs from regions like the amygdala to facilitate coordinated behavioral
responses (Jentsch et al., 2000), however results from the above studies suggest
psychostimulants may produce adaptations in the PFC that disrupt this dopaminergic
gate. As discussed in detail below, chronic cocaine experience can increase basal levels
of dopamine signaling in the PFC. As a result, dopamine modulation of cortical activity is
disrupted. We speculate that this is a major catalyst in driving PFC hyperactivity in
response to cocaine-paired cues.

D.3. Unique vulnerability of the mesocortical system
Chronic exposure to cocaine increases the amount of dopamine released from
mesocortical terminals in response to subsequent challenges of cocaine or re-exposure
to drug-paired cues (Ben-Shahar et al., 2012; Ikegami et al., 2007; Nakagawa et al.,
2011; Parsegian and See, 2014; Sorg et al., 1997). Following repeated cocaine selfadministration, PFC levels of DAT increase (Grimm et al., 2002; McIntosh et al., 2013),
possibly to compensate for the enhanced release of dopamine. Although sucrose selfadministration triggers dopamine release, it does not enhance DAT expression in the
PFC, suggesting the magnitude of dopamine release (rather than frequency) causes
these adaptations. As the amygdala, nucleus accumbens, or orbitofrontal cortex display
no such adaptations, the PFC displays a unique sensitivity to cocaine (Grimm et al.,
2002).
The unique features of the mesocortical system highlighted above may render it
especially vulnerable to cocaine-induced adaptations. Drugs of abuse like cocaine
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prevent the reuptake of dopamine by blocking DATs and norepinephrine transporters
(NETS) (Han and Gu, 2006), resulting in enhanced dopamine signaling in the PFC that,
according to modeling studies, quickly reaches micromolar concentrations even in the
absence of dopamine neuron burst firing (Spühler and Hauri, 2013). As observed
previously, larger numbers of cortical neurons are recruited in reward learning under
these conditions (Febo, 2011). Chronic elevations in dopamine signaling produced by
chronic drug use may sensitize extrasynaptic dopamine D1/5 receptors, perhaps by
increasing the proportion of D1-like receptors in high-affinity states as observed after
methamphetamine sensitization (Shuto et al., 2008). Thus, the PFC may become
insensitive to any subsequent burst firing from dopamine neurons. If the D1/5 receptors
are occupied or in an active state prior to dopamine neuron burst firing, less receptors
may be available to respond to additional dopamine release, thus preventing (via
occlusion) dopamine-dependent learning. Such changes may contribute to addicts
reduced ability to adapt to changes in reward contingency (Jentsch et al., 2002; LeBlanc
et al., 2013; Stalnaker et al., 2007) and make extinguishing or unlearning drug-paired
associations extremely difficult.
Thus, acute use of cocaine likely facilitates plasticity in the PFC by recruiting
greater pools of extrasynaptic dopamine D1 receptors. As discussed further below, basal
levels of dopamine D1 receptor signaling are enhanced by chronic cocaine use, which
renders cortical neurons hyperexcitable. This hyperexcitability may contribute to the
establishment of strong drug-associated memories in addicted individuals, as well as
their heightened reactivity to drug-associated cues.

D.4. Loss of dopamine neuromodulation
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Cocaine experience interferes with dopamine modulation of cortical plasticity. For
example, after cocaine experience D1 receptor stimulation no longer reduces the
mGluR5 mediated after-depolarization that can occur following brief action potential
firing (Sidiropoulou et al., 2009). The ability for dopamine (or glutamate) to enhance
neuronal

firing

in

the

PFC

is

also

reduced

(perhaps

via

occlusion)

after

methamphetamine experience (Peterson et al., 2000). Furthermore, chronic (but not
acute) cocaine experience impairs long-term depression (LTD) in the PFC due to
elevated D1 and cAMP signaling (Huang et al., 2007). Also, using similar experimentoradministered cocaine injections, it was found that induction of LTP was facilitated in the
PFC after withdrawal from cocaine experience (Lu et al., 2010). These findings are what
would be expected if the potassium channel gate on synaptic plasticity provided by
accommodation and the sAHP were removed by chronic cocaine experience. Under
control conditions, dopamine tightly regulates this plasticity, however chronic cocaine
experience appears to ‘lock’ PFC synapses in a potentiated state by enhancing basal
levels of dopamine D1 receptor signaling even in the absence of dopamine.

D.5. Cyclase superactivation
This loss of dopamine modulation after cocaine experience likely occurs due to
an increase in intracellular D1-receptor signaling (cAMP accumulation; defined as
adenylyl cyclase superactivation) resulting in enhancement of basal PKA activity. In
support of this, Dong et al. (2005) found that chronic cocaine treatment elevated cortical
excitability, an adaptation that could be reversed by inhibiting PKA activity. This
adaptation was enduring, as it could be observed even after 3 weeks of withdrawal and
appears to result from a PKA dependent enhancement of L-type calcium channel activity
(Ford et al., 2009; Nasif et al., 2005). Furthermore, dopamine neuromodulation lost after
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methamphetamine exposure is restored by inhibition of PKA (Peterson et al., 2006).
Potentiated dopamine release during drug experience likely contributes to the
adaptations observed in these studies. Cocaine exposure also degrades D2 receptor
signaling in the PFC, reducing its effectiveness to decrease AC / PKA activity. Indeed,
activator of G-protein signaling 3 (AGS-3), which reduces the ability of Gαi coupled
receptors (like D2 receptors and mGluR2/3 receptors) to inhibit adenylyl cyclase, is
increased in the PFC following cocaine experience, resulting in tonically elevated PKA
weeks after cocaine (Bowers et al., 2004; Ford et al., 2009). This may be a generalized
adaptation in addiction, as upregulated AGS-3 during cocaine or opiate withdrawal also
leads to superactivation of adenylyl cyclase in the striatum (Fan et al., 2009). The
emergence of elevated PFC PKA activity appears to occur early during withdrawal from
cocaine and contribute to drug-seeking behavior, as blocking PKA activity immediately
following withdrawal from cocaine self-administration prevents reinstatement of drugseeking weeks later (Sun et al., 2014).

D.6. Increased calcium load
Adenylyl cyclase superactivation following chronic cocaine experience likely
disrupts other intracellular signaling cascades in the PFC as well. For instance, adenylyl
cyclase superactivation in the striatum during morphine withdrawal increases PLC and
PKC signaling, suggesting disruption of the Gαq receptor cascade (Fan et al., 2009).
Similar adaptations could occur in the PFC after withdrawal from chronic cocaine.
Ultimately, elevated activity of these signaling cascades, combined with superactivation
of cyclase activity would be expected to increase the calcium load within pyramidal cells,
potentially disrupting intracellular calcium signaling. Perhaps chronic cocaine renders
ryanodine receptors that gate calcium release from intracellular stores leaky due to

33

enhanced phosphorylation by PKA, as was observed after chronic stress (Liu et al.,
2012). Because of the ubiquitous importance of calcium signaling in cellular functions,
including the regulation of transcription, translation, spine dynamics, apoptosis, and
synaptic plasticity, altered handling of intracellular calcium would have major
consequences for pyramidal cell function and PFC dependent behaviors. For a complete
synopsis of the consequences of aberrant calcium signaling in disease, see (Verkhratsky,
2005).

E. Hypothesis
As discussed above, addiction in humans has been described as a disease of
hypofrontalility with symptoms that include reduced cognitive function, increased
impulsivity, and poor decision-making. Despite considerable variability in findings as to
how the PFC responds to acute exposure to cocaine (Breiter et al., 1997; Herning et al.,
1994; Howell et al., 2010; Howell and Wilcox, 2002; London, 1990; Lu et al., 2012), it is
generally acknowledged that PFC activity is reduced during abstinence from cocaine,
while intoxication and craving activate the PFC (Goldstein and Volkow, 2011; 2002).
Thus, chronic cocaine self-administration reduces PFC responsiveness to everyday
behaviors, but heightens responses during drug seeking behaviors. Can the cellular
adaptations reviewed above account for the reduction in basal activity as well as the
increased responses to drug-cues?
Our hypothesis is that by chronically activating dopamine D1-receptor signaling,
cocaine experience promotes an enhancement of intracellular calcium-store dependent
signaling that disrupts potassium channel inhibition underlying accommodation and the
sAHP (Figure 1). With elevated cytosolic calcium, the opening of calcium activated
potassium channels such as BK and sK channels may be enhanced. Meanwhile, the
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expression of other potassium channels, such as Kv7 channels, may increase in
response to global increases in calcium signaling (Zhang and Shapiro, 2012). Thus it
may be that under some conditions, the activity of these inhibitory potassium channels
dominates, and PFC neurons are hypo-excitable as observed by others (Chen et al.,
2013). However, Kv7 channels, as well as other potassium channels that control
neuronal excitability, can be inhibited by high levels of intracellular calcium (Delmas and
Brown, 2005; Kirkwood et al., 1991; Selyanko and Brown, 1996). Furthermore, as noted
above, these same Kv7 channels (and those underlying the sAHP) also are subject to
inhibition by a number of neuromodulators, including dopamine and acetylcholine, which
are released in response to salient cues (Heien et al., 2005; Paolone et al., 2013;
Phillips et al., 2003; Robinson et al., 2003). Therefore, we posit that enhancement of D1
receptor signaling and calcium-store dependent disruption of potassium channel function
contributes to PFC hyper-activity in responses to drug-paired cues (Figure 1).
Perhaps under low arousal conditions, in the absence of salient drug-cues, PFC
neurons appear hypo-active after chronic cocaine due to elevations in intracellular
calcium and enhanced inhibition from calcium-activated potassium channels, such as BK
and sK and perhaps KCa3.1 channels. However changes in calcium dynamics may ‘decoordinate’ the function of these channels, preventing them from providing strong
inhibition. Furthermore, other potassium channels such as Kv7 channels may not
function properly with elevated intracellular calcium signaling and therefore inactivate,
rendering cortical cells hyper-responsive to incoming excitatory inputs. Drug-paired
stimuli would inhibit additional opening of potassium channels via further release of
neuromodulators into the cortex. This would further dis-inhibit cortical neurons and
facilitate PFC responses to excitatory input.
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Figure 1: Hypothesis: Chronic cocaine disrupts mesocortical learning
mechanisms.
(A, 1) VTA terminals that provide dopaminergic tone to the PFC regulate executive
function. (A, 2) In response to salient stimuli such as rewards and cues predictive of
rewards, VTA neurons fire bursts of action potentials. This facilitates learning and
appropriate behavioral responses by increasing dopamine (DA) levels to transiently
activate extrasynaptic D1 receptors. (A, 3) Drugs of abuse such as cocaine block
dopamine reuptake and dysregulate this process. With reuptake blocked, the spread of
dopamine becomes disproportional to the original stimulus and endures for an
excessively long period of time. This change in the spatial-temporal signature of
dopamine signaling imparts a strong salience to drug-paired cues.
(B, left) In a control (drug naïve) setting, dopamine binding to D1-receptors stimulates
adenylyl cyclase (AC) leading to the generation of cAMP, activation of PKA, and
potentiation of calcium signaling from intracellular stores. Transient activation of these
signaling cascades increases action potential firing in response to excitatory input by
reducing inhibition provided by potassium (K+) channels and the slow afterhyperpolarization (sAHP). This in turn facilitates the induction of synaptic plasticity at
excitatory synapses. (B, right) Chronic cocaine exposure enhances basal levels of
dopamine D1-receptor signaling, disrupting the inhibition mediated by K+ channels. This
renders pyramidal cells more responsive to incoming excitatory inputs, such as those
activated by drug-paired cues.
(C) In control (drug naïve) individuals, PFC output is proportional to the stimulus
presentation (i.e., cue). In cocaine-experienced individuals, however, cellular
adaptations cause persistent cortical dysfunction. That is, in human cocaine addicts,
PFC activity is reduced during low-arousal states, but hyperactive in response to
cocaine-associated cues. We posit that the hyper-responsiveness to cues reflects a loss
of intrinsic inhibition mediated by K+ channels and the sAHP. Multiple other mechanisms
may contribute to the hypoactivity in the PFC under basal conditions.
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The interplay of these cellular mechanisms could explain apparently controversial
results, where some have reported reduced intrinsic excitability (Chen et al., 2013), while
others report enhanced intrinsic excitability (Dong et al., 2005; Ford et al., 2009; Hearing
et al., 2013; 2012) in the PFC after cocaine experience. Other mechanisms may account
for these differences as well, including different behavioral models as suggested
previously (Jasinska et al., 2014). Importantly, training to withhold responding for a
reward as used by Chen et al. (2013) has been shown to decrease neuronal excitability
in the dorsal PFC (Hayton et al., 2011). Other factors, such as differences between PFC
subregions (dorsal prelimbic versus ventral infralimbic regions), neuronal layer (layer 5
versus 2/3), or the projection targets of neurons studied could contribute to this
discrepancy as well. For example, in one study using I.P. cocaine injections, only layer
5/6 prelimbic neurons (including cells projecting to the ventral midbrain and nucleus
accumbens) were found to be hyperexcitable after cocaine treatment (Hearing et al.,
2013). Thus, literature suggests that after prolonged abstinence from chronic cocaine,
overall PFC activity is reduced during everyday behaviors, but can become hyperactive
in response to drug-associated cues that promote drug seeking and relapse.

F. Summary
Rewards and their cues that induce dopamine neuron burst firing facilitate
plasticity in cortical-striatal circuits. The unique architecture of the mesocortical system
allows burst firing of dopamine neurons to activate extrasynaptic D1-like receptors and
facilitate synaptic plasticity and circuit remodeling. Dopamine D1-like receptors facilitate
this plasticity via the dis-inhibition of cortical neurons, removing the potassium channel
inhibition responsible for accommodation and the sAHP, unlocking the gate for changes
in synaptic strength.
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The disruption of dopamine modulation of the PFC by cocaine experience may
occur as a direct result of the unique architecture of the mesocortical system and
consequential adaptations in dopaminergic signaling. Cocaine experience appears to
enhance dopamine release from terminals, as well as elevate basal levels of intracellular
D1-receptor signaling, resulting in adenylyl cyclase superactivation, elevated PKA
activity, and increased calcium signaling. These adaptations appear to dramatically alter
PFC physiology, increasing responsiveness to strong excitatory input, while reducing the
ability of cortical neurons to respond to changes in VTA neuron firing.
This scenario is supported by both preclinical models of drug addiction and
human drug addicts displaying cognitive dysfunction in dopamine-dependent processes,
as well as deficits in response inhibition, attention, impulsivity, working memory, and
cognitive flexibility, including a reduced ability to adapt to changes in reward contingency
(Briand et al., 2008; George et al., 2008; Groman and Jentsch, 2011; Jentsch et al.,
2002; Olausson et al., 2007; Porter et al., 2011; Sofuoglu, 2010; Spronk et al., 2013; van
Holst and Schilt, 2011). PFC activity in response to cues correlates with drug craving in
human addicts (Garavan et al., 2000; Goldstein and Volkow, 2002; Volkow et al., 2008)
and is thought to initiate drug seeking by releasing glutamate into the nucleus
accumbens. This pattern of PFC activity in response to drug-associated cues may reflect
the activation of neuronal ensembles that retain powerful memories of drug-experience
due to elevated dopamine / D1 / AC / PKA signaling.
The hypothesis put forth in this literature review that cocaine experience disrupts
potassium channel inhibition in the PFC by enhancing calcium signaling associated with
intracellular stores remains to be fully vetted. To do so, studies should investigate rodent
models of cocaine addiction and examine changes in neuronal excitability in the PFC
with a focus on intrinsic inhibition, the sAHP, dopamine neuromodulation, and
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intracellular calcium signaling. Any observed neuroadaptations should be validated as
important for addiction by assessing their relation to cue-induced cocaine seeking.
Comparisons between natural rewards and drug rewards will be vital, as learning alone
can produce changes in neuronal excitability. Such studies would help address
unresolved questions as to how cortical function changes following chronic cocaine use,
and would further our understanding of the resulting cortical neuroadaptations, the
targeting of which may provide cognitive benefits and help prevent relapse in human
drug addicts.
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CHAPTER 2:
Experimental Procedures
Experimental Procedures
Subjects
W. Buchta conducted all experiments and procedures unless otherwise noted.
Procedures were in accordance with the MUSC Institutional Animal Care and Use
Committee. Adult (>P55) male Sprague-Dawley (Charles River, Raleigh NC), wild-type,
and TH-Cre+ Long-Evans rats (in house-bred; initial breeding pairs provided by
Deisseroth Laboratory, Stanford University) were used following acclimation to the
vivarium (>7d). All rats were single or double housed in a temperature- and humiditycontrolled vivarium under a reverse 12:12 h light cycle.

Surgeries
The following anesthesia was used for all survival surgeries: ketamine HCl/xylazine
mixture (0.57/0.87 mg/kg, respectively, IP) followed by ketorolac (2.0mg/kg, IP) and
Cefazolin (40mg, IP or 10mg/0.1ml IV). Rats destined for behavioral experiments were
handled daily prior to and following surgery.

Viral Transduction of the VTA (Chapter 3):
The majority of intracranial surgeries for viral-transduction of the VTA were conducted by
W. Buchta, with assistance in a few cases (N=6) from Bethany Pavlinchak. TH-Cre+
transgenic rats (P56-70) received bilateral injections of AAV2 (1-2 µL; 1012 vg/ml) with
the following constructs from the University of North Carolina Vector Core: EF1a-DIOhChR2(H134R)-EYFP, hSyn-DIO-rM3D(Gs)-mCherry, or hSyn-DIO-hM3D(Gq)-mCherry
into VTA: AP -5.5 mm, ML ±0.8 mm, DV -8.15 mm (with respect to bregma). Some rats
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received additional injections of fluorescent microspheres (150-300 nL, Lumaflour) into
the accumbens core (ACBcore: AP +1.7 mm, ML ±1.6 mm, DV -6.8 mm) or accumbens
shell (ACBshell: AP +1.7 mm, ML ±0.6 mm, DV -7.2 mm). All injections were made
through a glass micropipette (30-40 µm diameter tip) using a Nanoinject II (Drummond
Scientific). Pipettes remained in place for at least 5 min to minimize diffusion along the
pipette

track.

Following

4-9

weeks

of

incubation,

rats

were

sacrificed

for

electrophysiology experiments without any behavioral training.

I.V. Catheterization (Chapter 4):
The Neurobiology of Addiction Research Center (NARC) conducted the majority of I.V.
catheterization surgeries for experiments described in Chapter 4. Rats were implanted
with chronic indwelling catheters (Tygon tubing) into the jugular vein that exited the body
via a biopsy hole on the back. To prevent infection and maintain patency, catheters were
flushed with cefazolin (0.1 ml; 100 mg/ml) and heparin (0.1 ml; 100 U/ml) immediately
following surgery and daily beginning 3 d after surgery and throughout selfadministration, which began following 7d of recovery.

Cannula implantation (Chapter 4):
In addition to I.V. catheterization, rats destined for microinfusions of retigabine into the
PFC were implanted with cannula (double 28ga barrel; 1.2-1.5 mm C-C; Plastics One)
aimed at PL cortex (aligned to midline; AP +3.0-3.5 mm, DV -3.0-3.1 mm). Dental
cement and screws were used to secure the cannula position on the skull. A sterilized
dummy cannula and dust caps (Plastics One) were used to prevent infection and
clogging of the guide cannula prior to infusions.
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Behavioral training
Cocaine self-administration and controls (Chapter 4):
The Neurobiology of Addiction Research Center (NARC) conducted the behavioral
training for the majority of experiments described in Chapter 4. A total of 41 male
Sprague Dawley rats underwent cocaine self-administration (cocaineSA) for the
electrophysiology studies, conducted similar to previous work (Gipson et al., 2013;
Mahler et al., 2014; A. C. W. Smith et al., 2014). Following recovery from I.V.
catheterization, rats were trained on cocaineSA (FR1 schedule of reinforcement) for 2 h/d
in operant chambers (Med-Associates). During cocaine SA, active lever presses resulted
in I.V. delivery of cocaine (0.2 mg/infusion; cocaine HCl dissolved in 0.9% sterile saline,
NIDA) and the immediate, simultaneous presentation of a light and tone cue (5 s
duration), followed by a 20 s time-out period. Presses of the inactive lever produced no
programmed responses.
A second group of rats (yoked saline (SalineYoked), N=10) was placed in operant
chambers with levers extended and received passive I.V. infusions of saline paired with
light and tone cues, time-locked and dictated by a paired rat simultaneously undergoing
cocaineSA.
A third subset of rats (yoked cocaine (CocaineYoked), N=3) was placed in operant
chambers and received passive I.V. infusions of cocaine (0.2 mg/infusion) time-locked
and dictated by a paired rat simultaneously undergoing cocaineSA. This occurred with
extended levers, but without light or tone cues.
A fourth subset of rats (sucrose self-administration (sucroseSA), N=7) did not
receive I.V. catheterization. They were placed in operant chambers where active lever
presses resulted in the delivery of a sucrose pellet paired with light and tone cue on an
FR5 schedule of reinforcement (Gipson et al., 2013). Five of these rats also received
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cannulae targeting the PFC, These five rats were tested on cue-induced reinstatement
of sucrose seeking after PFC infusions of retigabine or vehicle, as described below,
while the remaining two rats were used for electrophysiology experiments after extinction
training.

Extinction training prior to brain slice preparation (Chapter 4):
Following self-administration training, all rats underwent daily 2 hr extinction training
(minimum 7d), where levers were extended but had no programmed consequences.
Extinction criteria were met when active lever pressing averaged ≤30 on last 2 days or
after 21d. Rats from these 4 groups were then sacrificed within 20 min of completing
their final extinction day for electrophysiology experiments. Table 1 shows the duration
of extinction training of rats from each group prior to brain slice preparation. The variable
number of extinction days received by different rats is not ideal and could alter
experimental

outcomes,

however

results

from

subsequent

experiments did not appear to differ across extinction days.
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electrophysiology

Reinstatement testing prior to brain slice preparation (Chapter 4):
Following extinction training, a subset (n=11) of CocaineSA rats underwent cuereinstatement (CueReinst) prior to the preparation of brain slices. These rats were allowed
to reinstatement for 30 mins, where active lever presses resulted in the contingent
presentation of the light and tone cues previously paired with cocaine infusions, and then
were immediately sacrificed for electrophysiology experiments. One rat underwent a 2 hr
cue-reinstatement test, and was sacrificed for electrophysiology experimentation 24 hrs
later.

Electrophysiology
Rats were euthanized by rapid decapitation. The brain was removed, placed in ice-cold
cutting solution (Riegel and Williams, 2008; Williams et al., 2014), and sectioned on a
Leica VT1200S vibratome. Coronal slices (225-250 µM) containing the PFC (+3.0-3.7
AP from Bregma) were incubated (32°C) in ACSF containing 0.01mM MK-801 for at
least 30 mins prior to experimentation. Whole cell patch clamp experiments were
performed on large pyramidal shaped cells in layer 5 prelimbic or infralimbic cortex,
visualized using an Olympus BX51WI (Olympus America) equipped with gradient
contrast infrared optics. The running buffer was gravity fed at a flow rate of 2-3 mL per
min and maintained at physiological temperature (~32°C). Recordings were made with a
MultiClamp700B (Molecular Devices). Patch electrodes (2-5M

) were filled with internal

solution containing 115mM K-methylsulfate, 20mM NaCl, 1.5mM MgCl2, 10mM HEPES,
0.1mM EGTA, 2mM ATP, and 0.3mM GTP (pH 7.3; 270–275 mOsm). Membrane
potentials for recorded pyramidal neurons typically ranged between -65-75 mV, with
spike potentials above 0 mV, consistent with previous reports (Yang et al., 1996).
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Accommodation was measured in current clamp configuration from a holding
potential of -70 mV with IO curves similar to previous reports (8 current injection steps;
0.1-1 nA; 800ms; interstep interval 6 s) (Aiken et al., 1995; Lancaster and Nicoll, 1987;
Madison and Nicoll, 1982; Shah et al., 2006; Stocker et al., 1999; Velumian and Carlen,
1999). Unless otherwise noted, example accommodation traces are in response to
1000pA current injections. Following the measurement of accommodation, AHPs were
generated in response to a 60ms depolarizing step of varying amplitude titrated to evoke
5 action potentials from a holding potential of -70 mv (once per minute, average of 2-3
sweeps) (Coulter et al., 1989; Gu et al., 2005; Moyer et al., 2000). Pipette capacitance
was canceled, but series resistance compensation and whole-cell capacitance
neutralization

were

not

applied.

Series

resistance

was

monitored

throughout

experiments with brief hyperpolarizing steps. Experiments were discontinued if series
resistance exceeded 30 MΩ or changed by >30%. ChR2 stimulation occurred with
purpose built collimated LED light (470 nm, ~0.7mW) emitted through a 60X water
immersion lens.
To examine Kv7 channel function in voltage clamp, two separate protocols were
used. We first measured Kv7 activation in response to depolarization by clamping cells
at -80 mV where Kv7 channels are normally closed, and then injecting a series of 5
depolarizing (10-50 mV) steps (1 s duration; interstep interval 15 sec), repeated every 23 mins in the presence of TTX (200 nM). We recorded at least 2 baseline measurements
to ensure the resulting outward currents were stable, and then applied the Kv7 channel
antagonist XE991 (10 µM), which resulted in a maximal reduction in the outward
currents after 7-10 mins. Responses before and after XE were then averaged, and then
the XE991 insensitive component was substracted from the baseline currents, leaving
only the XE991-sensitive (IKv7) portion (Huang and Trussell, 2011; Wang et al., 1998).
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To further examine Kv7 channel function, we used a second protocol that
separates the voltage dependent closure of Kv7 channels from other channels (Lamas
and Selyanko, 1997; Schnee and Brown, 1998). In this protocol, cells were polarized
once per minute, with a step to -20 mV for 1 second, then back to -60 mV. This forces
deactivation of a slowly relaxing outward current. After obtaining a stable baseline (5-10
mins), we bath applied the Kv7 channel antagonist XE991 (10-20 µM) and measured the
resulting changes in holding and deactivation currents. Maximal XE991 effect was
reached within 7-10 mins. Responses from 2-3 sweeps before and after XE991 were
averaged, and IKv7 was determined by subtracting the XE991 insensitive component from
the baseline current. Where reported, retigabine (10 µM) was applied 4-5 mins prior to
XE991 application to examine the effects of stabilizing Kv7 channel function. For the
majority of these experiments, series resistance remained uncompensated. This is not
ideal and could lead to inaccuracies in the measurements of currents, including the
slowing of current kinetics and attenuation of true current amplitudes (Sontheimer, 1995).
To minimize the influence of calcium-activated potassium channels, some deactivation
experiments (Figure 13) also included bath perfusion of apamin (200 nM), a sK channel
antagonist, and TRAM34 (1 µM), a KCa3.1 channel antagonist (King et al., 2015; Wulff
et al., 2007). Inclusion of apamin and TRAM34 in the perfusion media did not alter the
subsequent IKv7 in control naïve / salineYoked tissue (t(4)=1.216, p=.291) or cueReinst tissue
(t(2)=2.152, p=.1643), and thus responses were grouped. All voltage clamp recordings
were filtered at 1-2 kHz.
Drug applications were perfused by bath or by slice incubation where indicated.
SCH23390, Sulpiride, SKF81297, TRAM34, and SKA31 were purchased from Tocris.
Retigabine was purchased from Axon Medchem. CNO was provided by the NIMH
Chemical Synthesis and Drug Supply Program and Dr. Jurgen Wess (NIMH) with
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support by NIH-NCI grant number X01 NS064882-0. Cocaine was provided by NIDA
Drug Supply Program. Dopamine, CPA, and apamin were purchased from Sigma. All
other compounds were purchased from Abcam/Ascent Scientific.

Retigabine infusions prior to reinstatement testing (Chapter 4):
For in vivo behavioral experiments with PFC microinjections of retigabine, N=17 male
Sprague Dawley rats underwent I.V. catheterization conducted as described above, and
were also implanted with cannula (double 28ga barrel; 1.2-1.5 mm C-C; Plastics One)
aimed at PL cortex (aligned to midline; AP +3.0-3.5 mm, DV -3.0-3.1 mm). These rats
then underwent CocaineSA and extinction training as described above. Following
extinction training (minimum 14d; ≤25 active lever presses last 2 days), the effect of
retigabine on reinstatement was tested. Ten minutes prior to the 2hr reinstatement
session, extinguished rats received infusions of retigabine (0.0015 / 0.015 / 0.15 nmol /
0.5 µl prepared in saline with 0.1% DMSO) or vehicle (0.1% DMSO in 0.5ul saline)
through an injector that projected 1 mm below the tip of the guide cannula placed in the
PFC. A randomized counterbalanced design was used, with 2-3 cue reinstatement tests,
followed by 2 cocaine prime (10 mg/kg; I.P.) reinstatement tests, with at least 2 days
extinction (≤25 active lever presses) between tests. Following reinstatement testing,
locomotor testing occurred in novel chambers (AccuScan Instruments, Inc.) using
Versamax software, and total distance traveled was measured following PFC infusions
of retigabine or vehicle to test for non-specific motor suppressive effects. Five sucrose
self-administration plus extinction trained rats also received counterbalanced, PFC
infusions of retigabine (0.015 / 0.5 µl prepared in saline with 0.1% DMSO) or vehicle
(0.1% DMSO in 0.5ul saline) 10 min prior to 2 hr cue reinstatement sessions.
Following completion of behavioral tests, rats were deeply anesthetized with
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urethane and perfused with 4% paraformaldehyde. Brains were removed and postfixed
in 4% paraformaldehyde prior to sectioning. Brain slices (50-80 µm) were cut on a
vibratome. Sections were mounted, dehydrated, stained with cresyl violet, and
coverslipped. The center of injection sites was identified to confirm PL cannula
placements, which ranged from ~3.2-4.2mm AP. Six rats did not have the center of the
injection site exclusively in the PL and were excluded from analysis.

Data analysis and statistics
All data (mean ±SEM) was analyzed in Axograph, Excel, and Prism. For comparisons
between two groups and a single value for the dependent variable, paired or unpaired ttests were used for within and between cell comparisons, respectively. For comparisons
of pre- and post-drug IO curves within cells, two-way ANOVAs matching both factors
(cell and current injection) were used. Three-parameter log (dose) vs response curves
were used to fit dopamine dose-response curves, with EC50 values reported. For
analysis of within cells correlation between our two metrics of intrinsic inhibition, AHP
and action potential firing datasets were fit by linear regression, followed by a Pearson’s
Correlation. The effect of retigabine on the reinstatement of lever pressing behavior was
analyzed with two-way ANOVAs, with the main factors being lever and drug treatment
(Smith et al., 2014). Multiple Comparison post-tests were used as indicated. P values
< .05 were considered significant.
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CHAPTER 3:
Dopamine Terminals from the VTA Gate Intrinsic Inhibition in the
Prefrontal Cortex

INTRODUCTION
Midbrain dopamine neurons provide a ‘teaching signal’ about rewards and their
associated cues by firing bursts of action potentials (Schultz, 2002; 1998; Schultz and
Hollerman, 1998). The resulting dopamine release in terminal regions, including the
prefrontal cortex (PFC), promotes learning and habit formation, however the cellular
mechanisms by which this occurs are complex and unclear (Garris and Wightman, 1994;
Graybiel, 2008; Haber, 2014; Owesson-White et al., 2008; Paladini and Roeper, 2014;
Puig et al., 2014; Robinson et al., 2003; Schultz, 2006; 2002; 1998; Schultz and
Hollerman, 1998; Seamans and Yang, 2004; Tritsch and Sabatini, 2012). Given that
drugs of abuse can usurp dopaminergic mechanisms to promote habitual drug seeking,
addiction, and relapse (Chen et al., 2008; Heien et al., 2005; Ito et al., 2002; Jentsch et
al., 2000; Kalivas and O'Brien, 2007; Phillips et al., 2003; Schultz, 2011; Thomas et al.,
2008), a better understanding of how dopamine encodes rewards in the PFC may
provide insight into the mechanisms by which drug-paired cues come to exert powerful
control over behavior.
Pyramidal cells in the PFC normally display robust spike-frequency adaptation
(accommodation) that limits repetitive neuronal firing. Potassium channel mediated afterhyperpolarizations (AHPs) shape accommodation responses, decreasing dendritic
excitability to excitatory inputs (Fuenzalida et al., 2007). In other pyramidal cells, acute
activation of dopamine receptors can remove this intrinsic (potassium channel mediated)
brake, transiently increasing neuronal excitability (Malenka and Nicoll, 1986; Pedarzani
and Storm, 1993; 1995). Furthermore, both behavioral learning and neuromodulation
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alter this firing pattern (Andrade et al., 2012; Oh and Disterhoft, 2014; Sehgal et al.,
2013), often resulting in enhanced overall neuronal excitability via reductions in the AHP
and accommodation. This type of plasticity is thought to serve as a form of metaplasticity,
regulating the likelihood of future plasticity at strongly activated glutamatergic synapses
(Abraham and Bear, 1996; Abraham and Tate, 1997; Sehgal et al., 2013). Thus, a
plausible hypothesis is that dopamine release during VTA neuron burst firing functions
as a metaplasticity signal in the cortex by inhibiting accommodation and the AHP
(together referred to as intrinsic inhibition), thus rendering neurons hypersensitive to
depolarizing inputs. However this hypothesis remains untested, and the receptors and
cellular signaling cascades involved are unknown.
Dopamine binds to metabotropic receptors (D1-5), often broadly grouped into
subgroups: D1-like (D1, D5) and D2-like (D2-4), which together couple to a large number
of overlapping intracellular signaling cascades (see Seamans and Yang, 2004; Tritsch
and Sabatini, 2012 for reviews). Multiple dopamine-regulated intracellular signaling
cascades may be responsible for the inhibition of potassium channels that regulate
accommodation and the AHP. For instance, one reported signaling pathway attenuates
accommodation through a PKA mediated closure of KCa3.1 channels and the slow AHP
(King et al., 2015). A second reported pathway regulates accommodation via release of
calcium from internal stores onto inhibitory Kv7 channels, where calcium binding with
calmodulin attenuates Kv7 channel activity (Cruzblanca et al., 1998; Delmas and Brown,
2002; Gamper and Shapiro, 2003; Kirkwood et al., 1991; Selyanko and Brown, 1996). Of
the two families of dopamine receptors, D1 receptors activate adenylyl cyclase (AC) and
cAMP / PKA signaling pathways, which can lead to enhanced calcium signaling from
intracellular stores (Araya et al., 2013; Chen et al., 2007). This suggests a dopamine D1
/ PKA / calcium store signaling pathway may exist that removes intrinsic inhibition via
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closure of both KC3.1 and Kv7 channels. However, whether this cascade exists in the
PFC and is recruited by dopamine released from VTA terminals is unknown.
We postulate that dopamine release from VTA terminals in the PFC activates
postsynaptic D1 receptors, leading to dis-inhibition of pyramidal cells via a reduction of
accommodation and the AHP. We test this hypothesis in situ, using patch clamp
electrophysiology to examine intrinsic inhibition in the PFC during acute activation of
dopamine D1 receptors. We focus on prelimbic (PL)-PFC neurons that project to the
accumbens core (ACBcore), as this circuit is vital to relapse circuitry (Gipson et al., 2013;
McFarland et al., 2003; Stefanik et al., 2015). Our results indicate that dopamine
released from VTA terminals in the PL-PFC gates intrinsic inhibition in cortical-striatal
circuits by activating dopamine D1 receptors and inhibiting multiple potassium channels
(i.e. Kv7, KCa3.1) that contribute to accommodation and the AHP. VTA neuron burst
firing may recruit this type of plasticity in the PL-PFC to promote the encoding of neural
ensembles for rewards and their associated cues.

See Experimental Procedures for Methods (Chapter 2)
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RESULTS
Dopamine reduces PL neuron intrinsic inhibition in tissue from naïve rats
To investigate the effects of dopamine on intrinsic inhibition in the PFC, we made
coronal brain slices containing medial PFC, and recorded from prelimbic (PL) layer 5
pyramidal cells identified by location, morphology, and electrophysiological criteria (See
Experimental Procedures). We assayed intrinsic inhibition using two interrelated metrics:
accommodation and AHP. Accommodation of action potential firing was measured in
current clamp mode in response to depolarizing injections of current (0.1 to 1nA steps of
800ms) (Madison and Nicoll, 1984). The AHP was measured after depolarization by
current injection (60ms), tuned to evoke 5 action potentials (Coulter et al., 1989; Gu et
al., 2005; Moyer et al., 2000) (Figure 2A1). As anticipated, when we applied dopamine
(10 µM) to the superfusion medium, it reduced intrinsic inhibition (Figure 2A1, A2, A3).
These effects of dopamine occurred within 3-6 minutes, and were dose-dependent
(EC50: 8.5 µM; Figure 2B1, B2). Furthermore, we observed a significant correlation
between the dopamine-induced plasticity in accommodation and AHP, indicating the
underlying cellular mechanisms may be overlapping (Figure 2B2).
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Figure 2: Dopamine reduces PL neuron intrinsic inhibition in tissue from naïve
rats
(A) Dopamine (DA, 10 µM; superfusion) reduces accommodation (A2; Two-way ANOVA
interaction: F(7,28)=6.111, p=.0002; Sidak’s posthoc) and the AHP (t(5)=8.729, p=.0003).
(B1) Concentration-effect curve for dopamine on accommodation: EC50: 8.5 µM. (B2)
Action potential firing and AHP measures show a significant correlation after various
dopamine concentrations (Linear Regression; Pearson Correlation F(1,14)=13.14,
p=.0028). (C-D) Concentration-effect curves for the effects of dopamine on
accommodation under different conditions. Dopamine inhibits accommodation during
blockade of D2 receptors with sulpiride (200nM) (C; orange), effects significantly blunted
during blockade of D1 receptors with SCH23390 (1µM) (C; green). The concentrationeffect curve for dopamine shows a leftward shift with co-application of cocaine (1 µM) (D;
purple). The concentration-effect curve for cocaine (1 µM) + dopamine shows a
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rightward shift during blockade of dopamine D1 and D2 receptors, but not yet maximally
prevented (D, blue). Blockade of beta-adrenergic receptors with propranolol (5 µM)
eliminated any remaining effects on accommodation (D, red). Values are mean ±SEM,
*p<.05 compared to predrug. Numbers below represent cells / rats per group.
Dopamine can activate both D1-like and/or D2-like receptors, which typically
produce opposing actions (Stoof and Kebabian, 1981), but can also produce synergistic
effects (Chun et al., 2013; Lee et al., 2004; So et al., 2009). Therefore we examined the
dopamine concentration response curve in the presence of D1 receptor blockade with
SCH23390 (1 µM) or D2 receptor blockade with sulpiride (200 nM). Concentrations for
these antagonists were chosen based on previous publications (Beckstead et al., 2007;
Bender et al., 2010; Chen et al., 2007; Ford et al., 2010). Inclusion of the D1 receptor
antagonist reduced the effects of dopamine (Figure 2C), indicating a major role for D1like receptors in the regulation of intrinsic inhibition by exogenously applied dopamine. In
the presence of sulpiride (200 nM), dopamine was still effective, but the dose-response
shifted slightly to the right (EC50: 40.4 µM; Figure 2C), suggesting a minor role for
dopamine D2 receptors in the regulation of intrinsic inhibition as well.
To examine the role of dopamine reuptake from the extracellular space, we
measured accommodation in the presence of cocaine (1 µm). Whereas bath application
of cocaine alone produced no measurable change, co-application of cocaine (1 µM) with
dopamine shifted the dopamine dose-response curve to the left to the extent that
nanomolar concentrations of dopamine altered accommodation (EC50: 38.7 nM; Figure
2D). Under these conditions, blockade of dopamine receptors caused a rightward shift in
the dose-response curve (EC50: 6.9 µM; Figure 2D), indicating the sub-threshold effects
of dopamine in the presence of cocaine were mediated by dopamine receptors, but nondopaminergic receptors may be involved at higher dopamine concentrations.
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Indeed, in the presence of cocaine (1 µM) we observed dopamine receptor
independent effects with bath application of dopamine ≥10 µM. Blockade of betaadrenergic receptors with propranolol (5 µM) prevented these effects (Figure 2D),
consistent with reports of dopamine at high physiological concentrations activating betaadrenergic receptors to inhibit intrinsic inhibition (Malenka and Nicoll, 1986; Pedarzani
and Storm, 1995). While the observed dopamine receptor independent effects may have
relevance under conditions of blocked dopamine reuptake such as drug addiction,
dopamine acting at dopamine receptors appears ~1000 times more potent.
Together, these data indicate that in the PL-PFC of drug naive rats, dopamine
regulates

intrinsic

inhibition

in

a

dose

dependent

manner,

effects

mediated

predominantly by dopamine D1 receptors. Furthermore, blockade of dopamine reuptake
allows sub-threshold levels of dopamine to reduce intrinsic inhibition. Having
characterized the effects of exogenously applied dopamine, we next examined whether
dopamine release from VTA terminals would similarly gate intrinsic inhibition in the PFC.

Activation of VTAPL terminals reduces intrinsic inhibition in ACBcore projecting PL
neurons from naïve rats
To examine whether dopamine released from VTA terminals regulates intrinsic
inhibition in the PL in a manner similar to the effects of exogenously applied dopamine,
we used tyrosine hydroxylase (Th)-Cre transgenic rats and chemogenetic Designer
Receptors Exclusively Activated by Designer Drugs (DREADDs). We injected AAVhSyn-DIO-hM3D(Gq)-mCherry or AAV-hSyn-DIO-hM3D(Gs)-mCherry bilaterally into the
VTA of Th-Cre+ rats to selectively transfect dopamine neurons with the DREADD
receptor (Mahler et al., 2014; Witten et al., 2011). This allows selective stimulation of
VTA neurons and dopamine release from their fibers in the PL-PFC (VTAPL).
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We made acute PFC brain slices from these rats and recorded from PFC cells,
before and after bath-application of CNO (5 µM; 5-10mins) to stimulate DREADD
expressing VTA terminals (Figure 3A1). When we recorded PL cells from rats
transfected with Gq-DREADDs in the VTA, we observed that CNO reduced
accommodation and AHPs of PL neurons (Figure 3B1, B2). We noted similar, but less
robust effects with the Gs-DREADD (Gs-DREADDs—APs: t(5)=2.846, p=.036; AHP:
t(5)=0.42, p=.6907). In a few recordings, we recorded PL cells from rats transfected with
Gq-DREADDs in the presence of SCH23390 (1 µM), sulpiride (200 nM), propranolol (5
µM) to block D1, D2, and beta-adrenergic receptors. Under these conditions, we
observed no overall effect of CNO (APs: t(3)=1.72, p=.184; AHP: t(3)=1.288, p=.288),
however 2 of the 4 sampled cells did respond with change in accommodation. Together,
these results indicate stimulation of VTAPL terminals with DREADDs reduces intrinsic
inhibition of pyramidal cells in the PL, effects likely mediated by dopamine release from
these terminals. Future investigations coupling these techniques with electrochemical
methods for quantifying dopamine release such as fast scan cyclic voltammetry may be
useful to provide additional insight into the effectiveness of DREADD-induced stimulation
of VTA terminals and the resulting dopamine transients.
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Figure 3: Intrinsic inhibition in PL-ACBcore projecting cells is regulated by DREADD
stimulation of VTAPL terminals in naïve rats
(A1) Naïve Th-cre+ rats received bilateral microinjections of AAV2-hSyn-DIO-hM3D(Gq)mCherry into the VTA. At 4-9 weeks after transfection, acute PFC brain slices were
made, and pyramidal neurons in the PL were recorded during stimulation of VTAPL fibers
with CNO (5 µM). (B1) Sample trace of a PL pyramidal neuron showing reduction of
accommodation and AHP in response to CNO. (B2) Summary graphs illustrating CNO
reduces accommodation (t(12)=4.748, p=.0005) and AHP (t(12)=5.056, p=.0003).
(C1) To record specifically from PL PFC neurons projecting to the nucleus accumbens
core (PL-ACBcore), rats received injections of retrogradely transported fluorescent beads
into the ACBcore and bilateral microinjections of AAV2-hSyn-DIO-hM3D(Gq)-mCherry into
the VTA. Bottom-left: High power Dodt-image from an acute PFC slice showing two cells
in the recording chamber, one bead-labeled PL-ACBcore neuron (arrow) and a nearby
unlabeled cell (arrow head). Bottom-right: Low power confocal image showing example
injection site of fluorescent beads in the ACBcore. (D1) Summary graph from PL-ACBcore
neurons illustrating CNO reduces accommodation (Two-way ANOVA interaction:
F(7,56)=9.195, p<.0001; Sidak’s posthoc). (D2) Summary showing individual responses
from PL-ACBcore neurons in before and after CNO: accommodation (t(8)=2.586, p=.0213);
AHP (t(8)=3.487, p=.0082). Values are mean ±SEM. *p < .05 compared to predrug.
Numbers below represent cells / rats per group.
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We next probed the effects of stimulating VTAPL fibers while examining cortical
intrinsic inhibition in addiction-relevant circuits. TH+ axons from the VTA contact PL-PFC
cells that project to the accumbens (Carr et al., 1999). To examine how PL cells that
project to the nucleus accumbens core (PL-ACBcore) respond to VTAPL stimulation, we
again used Th-Cre+ transgenic rats and transfected VTA dopamine neurons with GqDREADDs, while also injecting the accumbens core of these same rats with retrogradetransported fluorescent beads (Figure 3C1). We made acute PFC brain slices from these
rats and recorded from PFC cells innervating the ACBcore, before and after bathapplication of CNO to stimulate DREADD expressing VTA terminals. We observed that
CNO reduced accommodation and AHPs in fluorescent-bead labeled ACBcore projecting
PL neurons (Figure 3D1, D2). In a few additional experiments, we examined PFC cells
innervating the ACBshell (PFC-ACBshell). In these neurons we did not observe an overall
effect of CNO, as only 2 of 4 sampled cells showed an increase (>25% from baseline) in
action potential firing in response to CNO (APs t(3)=1.665, p=0.19). However, the low
sample size in these experiments prevents an accurate comparison between
accumbens core and shell projecting neurons and their sensitivity to stimulation of VTA
terminals. These data demonstrate that VTAPL terminals shape intrinsic inhibition in PFC
cells projecting to the ACBcore, a circuit known to initiate drug-seeking behavior in
response to cocaine-paired cues.
Burst-like activation of VTAPL terminals reduces intrinsic inhibition in PL neurons
of naïve rats
In behaving animals, salient environmental stimuli can induce burst-firing in VTA
dopamine neurons (Fiorillo et al., 2003; Schultz, 2002; Tobler et al., 2005). Based on the
results above, we wondered if burst-like activation of VTAPL terminals reduces intrinsic
inhibition in PFC neurons. To evaluate this possibility, we used an optogenetic strategy
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to achieve temporal control of VTAPL terminals with light. We transfected AAV-EF1aDIO-hChR2(H134R)-EYFP bilaterally into the VTA of naïve Th-Cre+ rats (Figure 4A). In
collaboration with S. Mahler and G. Aston-Jones, we confirmed this procedure induces
robust expression of ChR2 in VTA soma with characteristic sparse mesocortical axons in
the PFC of drug-naïve rats 4-9 weeks following injection (surgeries conducted by W.
Buchta, immunohistochemistry conducted by S. Mahler).
In another group of rats, we prepared slices and stimulated ChR2-containing
VTAPL fibers in situ with burst-like flashes of blue light (473 nm; 8 trains of 15 5ms pulses
at 17Hz; Figure 4A) (Grace and Bunney, 1984; Hyland et al., 2002; Schultz, 1998). We
observed that such stimulation of VTAPL inputs reduced PL neuron intrinsic inhibition
(Figure 4B, C). This effect was not observed immediately, but instead required ~4-6
minutes following blue light exposure to develop, a time course similar to bath
application of dopamine (Figure 2). However, we noticed that with blue light stimulation
alone, only 3/7 cells (~43%) showed an increase (>25% from baseline) in action
potential firing, suggesting that some cells did not respond to VTA terminal stimulation
under these conditions (Figure 4D1). Perhaps the temporal dynamics and variability of
these responses to VTA terminal stimulation reflect gradual dopamine build-up and
diffusion to distal postsynaptic receptors. Therefore, we next tested if blockade of
dopamine reuptake could augment responses to VTA terminal stimulation.
We again recorded PL cells and measured responses to VTAPL terminal
stimulation with ChR2, but with the addition of a cocaine (1 µM) and nisoxetine (100 nM)
cocktail to the perfusate to block the reuptake of dopamine through DATs and NETs
(Han and Gu, 2006; Hennings et al., 2001; Wong and Bymaster, 1976). Under these
conditions, ChR2 stimulation of VTAPL terminals consistently reduced intrinsic inhibition
in PL neurons within 6 minutes (Figure 4D1, E1). Consistent with the pharmacology of
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cocaine to inhibit both DATs and NETs, we observed similar responses when we
repeated these experiments in the presence of perfused cocaine (1 µM) without
nisoxetine (Figure 4D1, E1), therefore nisoxetine was not included in subsequent
experiments. As these two groups did not statistically differ (t(5)=.757, p=.4832),
responses were grouped in subsequent analysis.
The magnitude of the responses to VTAPL terminal stimulation with and without
cocaine in the perfusate was similar (Figure 4D1, E1). However we noticed that under
conditions of blocked reuptake, now 6/7 cells (~86%) showed an increase (>25% from
baseline) in action potential firing, suggesting a greater spread of neurotransmitter from
release sites in response to VTAPL terminal stimulation when the slice was perfused with
cocaine. Furthermore, in a sub-population of cells (n=3) that did not respond to blue light
alone, adding cocaine (1 µM) to the perfusate rendered these cells sensitive to
stimulation of VTAPL terminals with blue light (1000pA APs: baseline: 5.0±0.6, + blue
light: 5.7±0.3; + cocaine + blue light: 12.3±3.5; current spike plot (interaction):
F(14,28)=6.154, p<.0001, n=3). These results are consistent with the blockade of
dopamine reuptake enhancing the spread of neurotransmitter onto receptors distal from
release sites. Together this indicates that burst-like optogenetic activation of VTAPL
terminals can regulate intrinsic inhibition in PFC neurons, and acute exposure to cocaine
may enhance the number of PL cells responding to VTAPL terminal stimulation.
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Figure 4: Burst-like stimulation of VTAPL terminals reduces intrinsic inhibition via
dopamine receptors in PL neurons of naïve rats
(A) Naïve Th-Cre rats received bilateral microinjections of AAV-EF1a-DIOhChR2(H134R)-EYFP into the VTA. At 4-9 weeks after transfection, acute PFC brain
slices were made, and pyramidal neurons in the PL were recorded during burst-like
stimulation of ChR2-VTAPL terminals with blue light (473nm; 15 5ms pulses, 17Hz). (B)
Example recording showing blue light illumination reduces accommodation and AHP. (C)
Summary graph illustrating effects of blue light on accommodation (two-way ANOVA
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interaction: F(7,42)=7.674, p<.0001; Sidak’s posthoc). (D1) Summarized data showing the
effects of blue light on accommodation under multiple conditions: Two-way ANOVA
interaction: F(4,19)=3.219, p=.0355, Fischer LSD posthoc. (D2) Action potential data
expressed as a percent change from baseline: One-way ANOVA F(2,14)=6.006, p=.0131,
Tukey’s posthoc. (E1) Summarized data showing the effects of blue light on AHPs under
multiple conditions: Two-way ANOVA interaction F(4,17)=3.218, p=.0387; Fischer LSD
posthoc. (E2) AHP data expressed as a percent change from baseline: One-way
ANOVA F(2,13)=5.383, p=.0198, Tukey’s posthoc. All drugs were applied via bath
perfusion at the following concentrations: cocaine (1 µM), nisoxetine (100 nM), sulpiride
(200 nM), SCH23390 (1 µM). Values are mean ±SEM. *p < .05. Numbers below
represent cells / rats per group.

VTAPL terminals activate dopamine receptors on PL-PFC neurons of naïve rats
We applied various antagonists through bath perfusion to identify the receptor type
mediating these responses. Based on our pharmacology experiments with exogenous
dopamine (Figure 2), we predicted responses to blue light stimulation would be mediated
primarily by dopamine D1 receptors. However, we found that in the presence of cocaine
and the D2 receptor antagonist sulpiride (200 nM), although blue light still appeared to
reduce intrinsic inhibition, responses to blue light were significantly blunted (Figure 4D1,
E1). These results suggest that dopamine D2 receptors contribute to the regulation of
intrinsic inhibition in response to burst-like stimulation of VTAPL terminals. Consistent
with a requirement for dopamine D1 receptors in this response as well, the remaining
effects of blue light stimulation were completely prevented by inclusion of the dopamine
D1 receptor antagonist SCH23390 (Figure 4D1, D2, E1, E2). Although it did not reach
statistical significance, upon washout of the D1 receptor antagonist light began to reduce
intrinsic inhibition in these cells (APs: t(3)=2.328, p=.1024; AHP: t(3)=2.197, p=.1155).
These results parallel our findings with exogenous dopamine where D1 receptors are
required for dopamine to regulate intrinsic inhibition of PL neurons (Figure 2), however
they indicate a more appreciable role for dopamine D2 receptors. Thus, in response to
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burst-like VTAPL terminal stimulation with ChR2, both dopamine D1 and D2 receptor
subtypes contribute to the reduced intrinsic inhibition of PL neurons.
Previous studies report that VTA terminals can co-release glutamate or GABA
(Hnasko et al., 2010; Root et al., 2014; Stuber et al., 2010; Tecuapetla et al., 2010;
Tritsch et al., 2014; Zhang et al., 2015). However, we found that the frequency of
spontaneous glutamatergic EPSCs or GABAergic IPSCs was unchanged by ChR2
stimulation of VTAPL terminals (EPSC frequency: prelight: 9.3±1.2 Hz, +blue light:
9.2±1.4 Hz; t(3)=.082, p=.94; IPSC frequency: prelight 3.6±1.0 Hz, +blue light: 3.7±1.2
Hz; t(3)=.12, p=.91). In contrast, when we transfected ChR2 into amygdala neurons of
naïve rats and stimulated these terminals with blue light, we observed robust, timelocked (latency: 4.8±0.2 ms) AMPA receptor mediated EPSCs (EPSC amplitude:
247.9±24.4pA; + NBQX: 9.2±0.9pA). These experiments highlight the differences
between modulatory inputs from VTA and other purely excitatory inputs.
Collectively these data suggest a slow synaptic action by dopamine release from
VTAPL terminals, rather than fast synaptic responses mediated by glutamate or GABA is
responsible for the reduced intrinsic inhibition of PL cells. This plasticity resembled what
we observed in the experiments with bath application of dopamine (Figure 2) or
stimulation of VTAPL terminals with DREADDs (Figure 3). Furthermore, these results
emphasize a role for acute cocaine to increase the population of PL cells responding to
VTAPL terminals. Both dopamine D1 and D2 receptors appear to participate in the
regulation of intrinsic inhibition by VTAPL terminals, whereas D1 receptors appear most
important for responses to exogenously applied dopamine (Figure 2).
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D1 receptor-mediated signaling in tissue from naïve rats
We next focused exclusively on dopamine D1 receptor signaling, as these receptors
activate many downstream signaling cascades, including coupled adenylyl cyclase (AC)
and cAMP signaling pathways (Tritsch and Sabatini, 2012) that can prime cortical output
to subsequent events (Cohen et al., 2002; Schultz, 2007a). In pyramidal cells in other
brain regions, intrinsic inhibition is regulated by multiple intracellular signaling pathways
downstream of AC / cAMP activity (Andrade et al., 2012; Haug and Storm, 2000;
Pedarzani and Storm, 1993; Wong and Schlichter, 2014).
To confirm that D1 receptors and AC signaling regulate intrinsic inhibition in PL
neurons, we exposed slices from naïve rats to SKF81297 (1 µM), an agonist for
dopamine D1 receptors, or forskolin (3 µM), an activator of AC (Figure 5A). We observed
that both SKF and forskolin inhibited accommodation and the AHP (Figure 5B, C). These
SKF and forskolin induced changes in intrinsic inhibition resembled what we observed
above with acute application of dopamine (Figure 2) or experiments with stimulation of
VTAPL terminals (Figures 3, 4). Together, this suggests that VTAPL terminals may
activate a dopamine D1 receptor / AC signaling pathway to reduce intrinsic inhibition in
PL-PFC neurons.
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Figure 5: Role for D1 / AC signaling in accommodation / AHP in naïve rats
(A) Hypothesized signaling cascade activated by dopamine D1 receptors to inhibit
intrinsic inhibition. We examined this D1 / AC signaling pathway using the D1 receptor
agonist SKF81297 (1 µM) and the adenylyl cyclase activator forskolin (3 µM).
(B) Sample traces (B1) and summarized data showing stimulation of D1 receptors with
SKF inhibits accommodation (B2; Two-way ANOVA interaction: F(7,28)=22.79, p<.0001;
Sidak’s posthoc) and the AHP (B3; t(4)=3.741, p=.0201). (C) Sample traces (C1) and
summarized data showing stimulation of adenylyl cyclase with forskolin inhibits
accommodation (C2; Two-way ANOVA interaction: F(7,21)=32.32, p<.0001; Sidak’s
posthoc) and the AHP (C3; t(3)=3.312, p=.0453). Values are mean ±SEM, *p < .05
compared to predrug. Numbers below represent cells / rats per group.
Calcium signaling from intracellular stores also regulates intrinsic inhibition
(Andrade et al., 2012; Berridge, 1998; Sah and McLachlan, 1991; van de Vrede et al.,
2007). Therefore we also tested if intrinsic inhibition in PL neurons required functional
calcium signaling from intracellular stores. We found that pharmacological depletion of
intracellular calcium stores with CPA (15 µM incubation) reduced basal levels of
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accommodation and the AHP (naïve + CPA incubation APs: 12.36±1.4; AHPs: 5.76±0.6,
n=14 cells from 5 rats). As AC activated PKA can potentiate calcium signaling from
intracellular stores (Araya et al., 2014; Chen et al., 2007; Riegel and Williams, 2008), it
may be that these signaling cascades overlap to form a D1 / PKA / calcium store
pathway that regulates intrinsic inhibition by closing downstream potassium channels.

Distinct roles for multiple potassium channels in accommodation / AHP in tissue
from naïve rats
Multiple potassium channels contribute to intrinsic inhibition in pyramidal neurons,
including Kv7 channels, sK channels, and KCa3.1 channels (Adelman et al., 2012;
Delmas and Brown, 2005; Gu et al., 2005; King et al., 2015; Madison and Nicoll, 1984;
Peters et al., 2004; Shao et al., 2004; Turner et al., 2015). In hippocampal neurons, PKA
mediated inhibition of KCa3.1 channels attenuates accommodation and the AHP (King
et al., 2015; Turner et al., 2015). Meanwhile, calcium signaling from intracellular stores
can inhibit Kv7 channels to reduce accommodation (Delmas and Brown, 2005; Kirkwood
et al., 1991; Selyanko and Brown, 1996). Accordingly, we assessed accommodation and
the AHP in response to blocking these two potassium channels to determine their
contribution to intrinsic inhibition in PL-PFC cells (Figure 6A).
We first tested a role for Kv7 channels, as these channels have long been known
to contribute to accommodation, and may participate in AHPs as well (Delmas and
Brown, 2005; Soh and Tzingounis, 2010; Tzingounis et al., 2010; Tzingounis and Nicoll,
2008; Wang et al., 1998). When we bath applied the Kv7 channel antagonist XE991 (20
µM), we saw a decrease in accommodation, but it did not reduce the AHP (Figure 6B).
However, the effect of XE991 was not nearly as robust as dopamine, SKF81297, or
forskolin, suggesting that Kv7 channels may represent only one of multiple effectors
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downstream of this signaling cascade. These data are consistent with a role for Kv7
channels in regulating accommodation, but indicate a separate potassium channel may
be mediating the inhibition provided by the AHP.
The slow AHP (sAHP) is thought to also contribute to accommodation of action
potential firing (Adelman et al., 2012; Andrade et al., 2012; Sah and Faber, 2002). The
molecular identity of the underlying channel has been elusive (Andrade et al., 2012), but
recent evidence suggests KCa3.1 channels may underlie the inhibition provided by the
sAHP (King et al., 2015; Turner et al., 2015; Wong and Schlichter, 2014). Accordingly,
when we bath applied the KCa3.1 channel antagonist TRAM34 (1 µM) to block KCa3.1
channels, we saw a decrease in the AHP, however we noted accommodation remained
intact (Figure 6C). While these data are not conclusive, as TRAM34 at the
concentrations used in this study can also inhibit nonselective cation channels (Schilling
and Eder, 2007), these data suggest a potential role for KCa3.1 channels in regulating
the sAHP, but not accommodation. It is possible that there is redundancy in this
response and it is mediated by multiple mechanisms. Together, our results indicate that
multiple potassium channels regulate intrinsic inhibition in PL-PFC neurons, with Kv7
channels primarily contributing to accommodation, and KCa3.1 channels potentially
contributing to the sAHP.
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Figure 6: Distinct roles for multiple potassium channels in accommodation / AHP
(A) Hypothesized role for multiple potassium channels in intrinsic inhibition. We
examined the role for Kv7 channels with the antagonist XE991 (20 µM) and KCa3.1
channels with the antagonist TRAM34 (1 µM). (B) Sample traces (B1) and summarized
data showing blockade of Kv7 channels with XE991 inhibits accommodation (B2; Twoway ANOVA interaction: F(7,14)=3.655, p=.0187; Sidak’s posthoc) but does not reduce the
AHP (B3; t(3)=4.886, p=.0164). (C) Sample traces (C1) and summarized data showing
blockade of KCa3.1 channels with TRAM34 does not inhibit accommodation (D2; Twoway ANOVA interaction: F(7,28)=.6791, p=.6882), but may reduce the AHP (D3; t(3)=2.407,
p=.0953). Values are mean ±SEM, *p<.05 compared to predrug. Numbers below
represent cells / rats per group.
In summary (Figure 7), these results from naïve rats show that VTAPL terminals
gate intrinsic inhibition in the PL-PFC via dopamine receptors (Figure 2, 4, 5). This
plasticity occurs on cortical-striatal circuits important for reward learning (Figure 3), and
acute cocaine exposure may potentiate the influence of VTAPL terminals (Figure 4). The
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resulting dis-inhibition may involve multiple intracellular signaling cascades, including a
AC / PKA mediated closure of KCa3.1 channels to inhibit the AHP, as well as a calcium
store mediated closure of inhibitory Kv7 channels to inhibit accommodation (Figure 5, 6).

Figure 7: Summary schematic: Dopamine Terminals from the VTA Gate Intrinsic
Inhibition in the Prefrontal Cortex
(A) Literature indicates that in response to salient stimuli such as rewards and cues
predictive of rewards, VTA neurons fire bursts of action potentials, transiently increasing
dopamine release in the prelimbic PFC. My data suggest the dopamine released during
these transients may activate dopamine receptors on accumbens-core projecting cells,
dis-inhibiting them by gating intrinsic inhibition. (B) Drugs of abuse such as cocaine that
block dopamine reuptake dysregulate this process. Literature indicates with reuptake
blocked, PFC dopamine transients may be potentiated in both time and space. My data
suggests this may further enhance VTA influence over cortical-striatal circuits. This
change in the spatial-temporal signature of dopamine signaling may impart a strong
salience to drug-paired cues. (C) Based on previous studies and my findings above, I
propose the following intracellular signaling cascade: Dopamine binding to D1 receptors
stimulates adenylyl cyclase (AC) leading to the generation of cAMP, promoting both the
activation of PKA and potentiation of calcium signaling from intracellular stores.
Transient activation of these signaling cascades reduces intrinsic inhibition provided by
potassium channels that regulate the slow AHP (KC3.1 channels, top), and
accommodation (Kv7 channels, bottom). This would render pyramidal cells in corticalstriatal circuits more responsive to incoming excitatory inputs, such as those activated by
reward-predictive cues.
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DISCUSSION
These results show that dopamine release from VTA terminals in the PFC activates
dopamine receptors to remove potassium channel inhibition and increase neuronal
excitability. This plasticity occurs on neurons that project to the accumbens core, a key
circuit involved in reward processing and drug addiction. Cocaine potentiates VTA
terminal regulation of pyramidal cells, and shifts the EC50 of bath-applied dopamine from
micromolar to nanomolar concentrations. The effects of dopamine are mediated largely
by the activation of D1 receptors (although there is also a role for D2 receptors), and the
resulting dis-inhibition may involve multiple intracellular signaling cascades, including an
AC / PKA mediated enhancement of calcium signaling from intracellular stores, and the
closure of multiple inhibitory potassium channels that regulate intrinsic inhibition. This
gating of intrinsic inhibition by dopamine may facilitate the encoding of cue-reward
associations within cortical-striatal circuits.
Dopamine dose-dependent regulation of intrinsic inhibition
We found that dopamine dose dependently inhibits intrinsic inhibition in PL-PFC (Figure
2). These effects of exogenous dopamine are mediated by D1 receptors, which in vivo
studies demonstrate are vital for proper cognitive function (Parker et al., 2013; Puig et al.,
2014; Puig and Miller, 2012; Sawaguchi and Goldman-Rakic, 1991; St Onge et al., 2011;
Williams and Goldman-Rakic, 1995). For example, performance in working memory
tasks shows an inverted-U relationship with dopamine D1 receptor activation, where
either too little or too much dopamine can impair task performance (Sawaguchi and
Goldman-Rakic, 1991; Vijayraghavan et al., 2007; Williams and Goldman-Rakic, 1995).
This differs from our observed dose-dependent effects of dopamine on intrinsic inhibition
at the cellular level, and suggests moderate reductions of intrinsic inhibition may be
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helpful for working memory performance, however too much dopamine neuromodulation
of intrinsic inhibition may be detrimental for working memory performance, perhaps by
preventing behavioral flexibility and degrading dynamic network connectivity (Arnsten et
al., 2012; 2010).
Additional cellular mechanisms may account for the reductions in behavioral
performance when D1 receptor stimulation is elevated. For example, dopamine D1
receptor stimulation decreases calcium spikes initiated in distal, apical dendrites (Yang
and Seamans, 1996). These high-threshold calcium spikes normally function to amplify
the effects of strong excitatory effects at these apical dendrites, therefore this effect
would be expected to reduce the influence of inputs to apical dendrites. D1 receptor
activation also decreases the reliability of synaptic excitation between layer 5 pyramidal
cells via a presynaptic action (Gao et al., 2001). Furthermore, activation of D1 receptors
increases evoked GABA IPSCs onto pyramidal cells (Seamans et al., 2001b), an effect
likely mediated by enhancement of excitability in fast-spiking GABAergic interneurons
(Gorelova, 2002). Thus, dopamine-induced reductions in intrinsic inhibition as
investigated here represent only one aspect of a multi-faceted mechanism for dopamine
D1 receptor modulation of PFC function. Together, a balanced interplay between these
many effects of dopamine are required for optimal cognitive function (Arnsten et al.,
2012; Floresco, 2013; Vijayraghavan et al., 2007; Williams and Goldman-Rakic, 1995).
Our observation that dopamine D2 receptors contribute to responses from burstlike stimulation of VTAPL terminals (Figure 4), but less in the effects of exogenous
dopamine (Figure 2) could perhaps be explained by differences in receptor localization
and the degree to which each receptor subtype is activated under these different
conditions. It has previously been proposed that phasic, burst like activity from the VTA
would first activate synaptically located D2 receptors, followed by the activation of
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extrasynaptic D1 receptors as dopamine diffuses further from release sites (Seamans
and Yang, 2004). This may in part account for our observed responses to VTAPL
terminals stimulation. Perhaps under these conditions the dopamine receptor subtypes
work synergistically, with the D2 receptors priming local synapses for plasticity, and the
subsequent activation of nearby D1 receptors amplifying these responses. This may
occur via non-cononical D2 receptor signaling via βγ stimulation of PLC and calcium
signaling from intracellular stores, which could then be augmented by D1 receptor
signaling (Neve et al., 2004). However, this may not be necessary for the effects of
exogenously applied dopamine, perhaps because under these conditions dopamine D1
receptors are activated more robustly then with burst like stimulation of VTA terminals.
D2 receptor desensitization in response to bath applied dopamine but not optogenetic
stimulation of VTA terminals could contribute to this apparent disconnect as well. These
findings highlight the complexity of dopamine signaling in the prefrontal cortex, and
suggest that future studies using techniques like optogenetics to stimulate dopamine
release from VTA terminals may reveal additional insights into mesocortical dopamine
function.
VTA regulation of PL-nucleus accumbens core circuit
Pyramidal neurons in the medial PFC vary in their response to modulation by dopamine,
norepinephrine, and acetylcholine based upon their efferent targets (Dembrow et al.,
2010; Gee et al., 2012). We found VTA terminal stimulation reduced intrinsic inhibition in
accumbens core projecting PFC neurons (Figure 3). This PL-accumbens core circuit is
known to play an important role in initating the reinstatement of drug-seeking behavior in
rodent models addiction (LaLumiere and Kalivas, 2008; McFarland et al., 2003; Peters et
al., 2009; 2008; Vertes, 2004). Perhaps VTA neuron burst firing during rewards and their
conditioned cues facilitates the initialization of motivated behaviors by dis-inhibiting the
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PL-accumbens core circuit, which we demonstrate is sensitive to dopamine release from
VTA terminals. As the PFC sends projections to a variety of other brain regions, further
investigations of circuit specific neuromodulation should continue to provide important
insight into mechanisms underlying PFC functioning. For example, dopamine D2
receptors have been shown to mediate plasticity in the firing patterns of other PFC
circuits, such as those projecting to the thalamus (Gee et al., 2012). These important
future studies would add support to the growing literature of circuit-specific
neuromodulation within the PFC (Dembrow and Johnston, 2014).
VTA regulation of cortical firing patterns
VTA dopamine neurons switch from tonic to phasic burst firing with salient cues such as
those predicting reward (Schultz, 2002; 1998). These cues induce the release of
dopamine from terminals, which serves as a teaching signal and enables learning. Here
we demonstrate that transient, burst-like stimulation of VTA terminals in cortical slices
with ChR2 reduces intrinsic inhibition of pyramidal cells in the PL PFC via both
dopamine D1 and D2 receptors (Figure 4). Blockade of dopamine reuptake with cocaine
increased PL neuron sensitivity to VTA terminal stimulation, dis-inhibiting a greater
population of PL neurons. This is consistent with dopamine diffusion into extrasynaptic
space away from ‘hotspots’ of release sites (Spühler and Hauri, 2013), with dopamine
reuptake limiting the sphere of influence of dopamine transients in both space and time
(Cragg and Rice, 2004). This may have relevance to cocaine addiction and the encoding
of cocaine-paired cues in cortical-striatal circuits, as blockade of dopamine reuptake is
expected to influence large, long-lasting dopamine transients to a greater extent then
spontaneous asynchronous events (Cragg and Rice, 2004). Therefore, under conditions
of blocked dopamine reuptake, in combination with VTA neuron burst firing during cue-
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reward learning, we would expect a strengthening of VTA influence over PL-PFC activity
via reductions in intrinsic inhibition.
Dopamine D1 receptor signaling reduces intrinsic inhibition mediated by multiple
potassium channels
We observed that dopamine transmission in the PFC reduces intrinsic inhibition,
increasing the sensitivity of PL PFC neurons to depolarization. Stimulation of dopamine
D1 receptors activates coupled adenylyl cyclase (AC) and cAMP signaling pathways
(Tritsch and Sabatini, 2012), and thus serves as an important preceding event that
primes cortical output (Cohen et al., 2002). We demonstrate that these signaling
cascades, as well as intracellular calcium signaling, regulates intrinsic inhibition in the PL
PFC, as stimulating D1 receptors, activating AC activity, or depleting intracellular
calcium stores all inhibited accommodation and the AHP (Figure 5). Future
investigations should examine whether these molecules form a mutually occlusive
signaling cascade to reduce intrinsic inhibition, or if they instead operate in parallel
cascades to regulate potassium channel inhibition.
In pyramidal cells in other brain regions, accommodation is inhibited via a PKA
mediated closure of the AHP, which may be mediated by KCa3.1 channels (King et al.,
2015; Pedarzani and Storm, 1993; Turner et al., 2015; Wong and Schlichter, 2014). A
second reported pathway regulates accommodation via inhibitory Kv7 channels and
calcium signaling from internal stores, a cascade that may be amplified by AC activated
PKA signaling (Araya et al., 2013; Chen et al., 2007; Riegel and Williams, 2008).
Consistent with an involvement for both of these potassium channels, we found that
inhibition of Kv7 channels reduced accommodation, while inhibition of KCa3.1 channels
reduced the AHP (Figure 6). Such observations may indicate either multifaceted and
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redundant signaling pathways that overlap or neuron specific mechanisms (Madison and
Nicoll, 1984; Suh et al., 2004; Tzingounis and Nicoll, 2008).
Together, this suggests a complex regulation of accommodation and the AHP via
multiple potassium channels, including Kv7 and KCa3.1 channels. Dopamine
neuromodulation from VTA terminals, pharmacological activation of D1 receptors,
stimulation of AC activity, or depletion of intracellular calcium stores inhibits both
accommodation and the AHP, suggesting the existence of a dopamine / D1 receptor /
AC / calcium store pathway that reduces the function of both Kv7 and KCa3.1 channels.
As Kv7 channels are inhibited by elevated calcium signaling from intracellular stores,
while KC3.1 (and the sAHP) are inhibited by PKA signaling downstream of AC activation,
we propose a cellular cascade involving dopamine / D1 receptors / AC activation, and
parallel inhibition of both KC3.1 and Kv7 channels via these divergent cascades (Figure
7). This may be a mechanism by which VTA neurons reduce intrinsic inhibition in the PLPFC during the presentation of rewards and their cues.

Summary / Conclusion
We demonstrate that dopamine release from VTA terminals gates intrinsic inhibition in
the cortex by inhibiting potassium channels that mediate accommodation and the AHP.
This plasticity can be induced with burst-like stimulation of VTA terminals, occurs on
cortical neurons that project to the accumbens core, and is potentiated by blockade of
dopamine reuptake with acute exposure to cocaine. The addictive nature of drugs of
abuse arises from their ability to hijack natural learning and reward mechanisms (Hyman
et al., 2006; Jones and Bonci, 2005; Kauer and Malenka, 2007). Perhaps chronic,
voluntary cocaine use strengthens VTA control over these cortical-striatal circuits, disinhibiting these neurons in an enduring way via upregulating dopamine D1 receptor
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signaling. This could lead to salient encoding of cocaine-paired cues and susceptibility to
develop drug addiction.
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Chapter 4:
Dysfunction in Calcium Stores Attenuates Kv7 Inhibition in the
Prefrontal Cortex to Drive Cue-Induced Reinstatement of Cocaine Seeking

INTRODUCTION
Reward predictive cues initiate motivated behaviors by activating the mesocorticolimbic
system, which consists of dopaminergic projections from the VTA to PFC, and
glutamatergic projections from PFC to nucleus accumbens (ACB) (Kalivas, 2008;
Kalivas and McFarland, 2003). This neurocircuitry is vital to the brain’s natural reward
system (Hyman et al., 2006), and is thought to undergo adaptations following chronic
cocaine abuse that contribute to relapse behaviors (Hyman et al., 2006; Jones and
Bonci, 2005; Kauer and Malenka, 2007). As cocaine addiction is established, basal
metabolic activity in the PFC decreases, but re-exposure to drug associated cues
induces hyperactivation of the PFC-ACB circuit, resulting in relapse to drug-seeking that
is characteristic of addiction (Goldstein and Volkow, 2011; 2002; McFarland et al., 2003;
Stefanik et al., 2015).
Given the role for VTA dopamine neurons in facilitating the learning for rewards
and their associated cues, it has been proposed that addictive drugs co-opt dopaminedependent reward learning mechanisms in these circuits, and that this contributes to the
enhanced saliency of drug-paired cues (Hyman et al., 2006; Robinson and Berridge,
1993; Schultz, 2011). Indeed, drug-paired cues promote phasic activation of dopamine
neurons and potentiate dopamine release in the PFC (Fields et al., 2007; Garris and
Wightman, 1994; Schultz, 2007a; 2007b; Spühler and Hauri, 2013), likely in part via
potentiated excitatory synapses on VTA dopamine neurons (Chen et al., 2008).
Furthermore, strengthened actions of dopamine in the PFC after cocaine selfadministration may drive drug seeking through the projections from PFC to ACB (Gipson
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et al., 2013; See, 2009; Stefanik et al., 2015; 2013). However, the enduring cellular
adaptations that mediate the hyper-responsiveness of PFC neurons to drug-predictive
cues remain unclear.
Many

neurons

typically

display

robust

spike-frequency

adaptation

(accommodation) that limits repetitive neuronal firing in response to depolarization
(Madison and Nicoll, 1984; Storm, 1990). For systems receiving constant stimulation,
this allows behavioral habituation by adaptation to constant, low-intensity stimuli (Sobel
and

Tank,

1994;

Wang,

1998).

Potassium

channel

mediated

AHPs

shape

accommodation responses, decreasing dendritic excitability to excitatory inputs
(Fuenzalida et al., 2007). Dopamine receptor stimulation diminishes this intrinsic
inhibition—thereby permitting transient increases in neuronal excitability (See Chapter 3)
(Malenka and Nicoll, 1986; Pedarzani and Storm, 1993; 1995). Furthermore,
accommodation and AHP mechanisms are reduced following dopamine-dependent
learning and synaptic plasticity (O'Donnell, 2003; Pawlak and Kerr, 2008; Sehgal et al.,
2013). These transient reductions in intrinsic inhibition may occur due to elevated
adenylyl cyclase (AC), cyclic adenosine monophosphate (cAMP), and PKA signaling, as
basal activity of this signaling cascade regulates intrinsic inhibition (Pedarzani et al.,
1998).
Chronic exposure to illicit drugs such as cocaine enhances basal AC / cAMP /
PKA signaling in multiple brain regions including the PFC (Bonci and Williams, 1997;
Chieng and Williams, 1998; Dong et al., 2005; Ford et al., 2009; Freeman et al., 2002;
Miserendino and Nestler, 1995; Nasif et al., 2005; Terwilliger et al., 1991). Basal
upregulation, or superactivation, of this signaling cascade is a cellular hallmark of
withdrawal (Finn and Whistler, 2001; Hemby, 2010; Nestler, 1996; Williams et al., 2001).
We therefore hypothesized that chronic cocaine self-administration disrupts PFC intrinsic
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inhibition due in part to superactivation of AC / cAMP / PKA / intracellular calcium store
signaling downstream of dopamine D1 receptors. Although we demonstrate that
accommodation and AHP mechanisms may be mediated by different potassium
channels under naïve conditions, both are sensitive to neuromodulation by dopamine D1
receptor signaling (see Chapter 3). Therefore we hypothesized that both accommodation
and AHP would be disrupted following chronic cocaine self-administration.
We test this hypothesis by combining the extinction–reinstatement rodent model
of cocaine addiction with in situ electrophysiology. We show that chronic cocaine selfadministration caused a loss of intrinsic inhibition in PL cells, as evidenced by reduced
accommodation and AHP. Accommodation, (but not the AHP), could be restored by
blockade of D1 receptors, inhibition of PKA, or depletion of intracellular calcium stores,
suggesting an enhancement of basal postsynaptic dopamine D1 receptor signaling. Our
results indicate this intracellular signaling pathway disrupts the function of inhibitory Kv7
potassium channels, as inhibition of PKA, depletion of intracellular calcium stores, or
pharmacological stabilization of Kv7 channels with retigabine restored Kv7 channel
function. Furthermore, stabilization of Kv7 channels in vivo with intra-PFC infusion of
retigabine reduced cue-induced reinstatement of cocaine seeking. These data
demonstrate that dopamine-regulated intrinsic inhibition in PL neurons is a critical
mediator of relapse to drug seeking, and suggest Kv7 channels as a novel
pharmacological target for treating cocaine addiction.

See Experimental Procedures for Methods (Chapter 2)
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RESULTS
Chronic cocaine self-administration reduces intrinsic inhibition in the PFC
To investigate the PFC mechanisms underpinning cue-induced drug seeking, we
employed the self-administration—extinction–reinstatement model of relapse to cocaineseeking (Shaham et al., 2002). This in vivo protocol resembles the human condition, in
that exposure to drug-associated cues induces drug-seeking behavior (Garavan et al.,
2000; Goldstein and Volkow, 2011). Rats were trained to self-administer cocaine
(cocaineSA) for 10-14d in operant chambers where drug infusions were paired with
light/tone cues, followed by extinction training (cocaineExt) where neither cues nor drug
were available (Figure 8A). An extinction burst was observed on the initial day of
extinction (Lerman and Iwata, 1995), as well as a somewhat persistent increase in
inactive lever pressing throughout extinction training.
To examine whether handling, drug contingency, or operant conditioning altered
PL neuron intrinsic inhibition, we examined intrinsic inhibition in multiple control groups.
One group experienced yoked-saline (salineYoked) to control for handling (Figure 8B). To
control for cocaine pharmacology, a second group experienced yoked-cocaine
(cocaineYoked) with the same cocaine infusions as in the cocaineSA group (0.2 mg / 50 µL
infusion, I.V. for 10-14 days, yoked to rats in the cocaineSA group) in chambers with
inactive levers and without light or tone cues (Figure 8C). Interestingly, this cocaineYoked
group showed an increase pressing on both levers at extinction. As a control for operant
training, a fourth group was trained to press for sucrose pellets paired with a light and
tone pavlovian cue (sucroseSA; FR5 paradigm), and pressed for 50-150 sucrose-pellets
per daily session for 10-14 sessions followed by extinction training (sucroseExt). In
sucroseExt rats, no initial extinction burst was observed, and lever pressing on the active
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lever quickly declined to match presses on the inactive lever, which remained low
throughout extinction (Figure 8D).

Figure 8: Behavioral treatments: Cocaine self-administration, yoked saline, yoked
cocaine, and sucrose self-administration
(A-D) Behavioral treatments prior to whole cell recordings from prefrontal brain slices.
(A) Rats implanted with I.V. catheters underwent cocaine self-administration (cocaineSA;
FR1) followed by extinction training (cocaineExt), (B) Yoked-saline exposure (salineYoked),
(C) yoked-cocaine exposure (cocaineYoked), or (D) sucrose self-administration (sucroseSA;
FR5) followed by extinction training (sucroseExt). CocaineExt, salineYoked, and cocaineYoked
behavioral treatments were performed by the Neurobiology of Addiction Research
Center.
After extinction training, we made coronal brain slices containing medial PFC,
and conducted whole cell patch clamp experiments on PL L5 pyramidal cells identified
by

location,

morphology,

and

electrophysiological

criteria

(See

Experimental

Procedures). We examined intrinsic inhibition in these neurons using two interrelated but
distinct

metrics

of

potassium

channel

inhibition:

accommodation

and

AHP.

Accommodation of action potential firing was measured in current clamp mode in
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response to depolarizing injections of current (0.1 to 1nA steps of 800ms) (Madison and
Nicoll, 1984). The AHP was measured after depolarization by current injection (60ms),
tuned to evoke 5 action potentials (Coulter et al., 1989; Gu et al., 2005; Moyer et al.,
2000). Under naïve conditions, both of these measures of intrinsic inhibition are sensitive
to modulation by dopamine, however they appear to be mediated by separate potassium
channels (see Chapter 3).
In comparison to PL slices from salineYoked rats, we observed no overall
differences in accommodation or AHP measurements with cocaineYoked or sucroseExt
treatments, however intrinsic inhibition was diminished overall in tissue from cocaineExt
rats (Figure 9A). This was reflected by an increased number of action potentials in the
later period of the depolarization epoch (decreased accommodation: Figure 9A, B), and
a trend toward decreased AHPs (Figure 9A, C). Posthoc analysis further indicated that
cocaineExt results differed from sucroseExt, however they were not significantly different
from cocaineYoked. This suggests that cocaine experience is an important factor
regulating intrinsic inhibition, with the most robust neuroadaptation occurring following
chronic cocaine self-administration. Furthermore, plotting the action potential firing as a
function of the AHP revealed a significant correlation between these two metrics of
intrinsic inhibition in tissue from cocaineExt rats (Figure 9D). This indicates that although
our metrics of accommodation and the AHP may be mediated by separate mechanisms
(see Chapter 3), in cells showing the most robust loss of inhibition following cocaineExt,
both mechanisms may be disrupted.

82

Figure 9: Chronic cocaine self-administration renders PL cells hypersensitive
(A) Current clamp recordings from salineYoked, cocaineExt, cocaineYoked, and sucroseExt
slices. Top row, accommodation of action potential firing in response to current injections
(1000pA; 800ms). Bottom row (same cells), AHP responses to a 60ms current injection
calibrated to evoke 5 action potentials. Closed triangles, identical locations from an AHP
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in tissue from a salineYoked rat. (B) Summary graph showing cocaineExt reduced
accommodation (increased action potential firing) compared to salineYoked (p=.0255) and
sucroseExt (p=.0048) responses, but not compared to CocaineYoked (p>.05). CocaineYoked
and sucroseExt groups did not differ from salineYoked responses (p>.05). Kruskal-Wallis:
H(4)=16.72, p=.0008; Dunn’s posthoc. (C) Summary graph showing a trend toward
reduced AHPs in cocaineExt tissue. One-way ANOVA: F(3,48)=2.156, p=.1054. (D) Action
potential firing and AHP measures show a significant correlation only in tissue from
cocaineExt rats (Linear Regression; Pearson Correlations: salineYoked F(1,3)=.6057,
p=.4932; cocaineExt F(1,24)=11.71, p=.0022; cocaineYoked F(1,13)=.9403, p=.3499; sucroseExt
F(1,4)=.7486, p=.4357). Values are mean ±SEM, numbers represent cells / rats per group.
*p<.05 vs salineYoked and sucroseExt. SalineYoked, cocaineExt, and cocaineYoked behavioral
treatments were performed by the Neurobiology of Addiction Research Center.

This adaptation after cocaineExt appeared anatomically specific to the PL, as
accommodation remained intact in infralimbic pyramidal neurons ventral to the PL
(cocaineExt IL APs (1000pA): 9.8±1.2; n=8 cells from 2 rats), where responses did not
differ from sucroseExt or cocaineYoked (APs (1000pA): ANOVA interaction F(2,12)=1.593,
p=.2434). Although the change in intrinsic inhibition in the PL was readily apparent
during injection of depolarizing current, we noted no differences in the resting membrane
potential of these cells (salineYoked PL: -70.4±1.5 mV; cocaineExt PL: -68.2±0.9 mV;
t(30)=1.022, p=.3151) or differences in apparent input resistances (salineYoked: 38.3±0.9;
cocaineExt: 34.9±1.8; t(14)=1.038, p=.317), indicating the observed neuroadaptation results
from a hypersensitivity to depolarization. Furthermore, additional observations made by
other members in the Riegel laboratory indicate that this neuroadaptation develops
within 24hrs after the final self-administration session, but is not normalized by acute reexposure to cocaine (1 µM), consistent with a neuradaptation beyond acute drug
withdrawal.
In another subset of rats (N=3), we tested the effects of re-exposure to cocainepaired cues on intrinsic inhibition. We observed that compared to cocaineExt,
accommodation decreased further in slices prepared 30 min after cueReinst (cueReinst APs:
26.5±3.8; N=10 cells / 2 rats). This further reduction in accommodation after 30 min of
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cueReinst appeared short-lived, and not observed 24hrs later (24 hrs after cueReinst APs:
14.5±1.6; N=6 cells / 1 rat). It was notable that we did not observe parallel reductions in
the AHP in the cueReinst group (cueReinst AHP: 5.4±0.9; N=10 cells / 2 rats) consistent with
separate mechanisms regulating our two measures of intrinsic inhibition. Thus, following
cocaineExt, intrinsic inhibition is decreased, with re-exposure to cocaine-associated cues
causing a further reduction in accommodation.
As neither cocaineYoked (pharmacological control) or sucroseExt (operant training
control) treatments altered intrinsic inhibition compared to salineYoked rats, we speculate
that the enduring loss of intrinsic inhibition following cocaineExt may be mediated by
elevated dopamine signaling resulting from the combination of cocaine pharmacology
with operant training / cue-reward learning. This would be consistent with the notion that
cocaine cues may cause reinstatement of cocaine seeking by increasing intrinsic activity
in PL neurons (Buchta and Riegel, 2015; Flagel et al., 2011; LeBlanc et al., 2013).

Basal activation of dopamine D1 receptor signaling reduces intrinsic inhibition in
CocaineExt
Under naïve conditions, dopamine regulates both accommodation and the AHP
in PL neurons via D1 receptor intracellular signaling pathways that intersect at adenylyl
cyclase / cAMP / PKA and intracellular calcium stores, but differ in the regulation of
separate potassium channels (See Chapter 3). Tonic stimulation of dopamine receptors
can ‘superactivate’ coupled adenylyl cyclase, cAMP, and PKA signaling pathways
(Anderson and Pierce, 2005; Buchta and Riegel, 2015; Park et al., 2013). While the
underlying mechanisms for this remain unclear, literature suggests this could occur via
Gαi induced heterologous sensitization of Gαs signaling cascades, resulting in
enhancement of adenylyl cyclase activity, cAMP accumulation, and enhanced Gαs
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receptor signaling (Watts and Neve, 2005; 1996). We therefore examined whether
dopamine, D1 receptors, and intracellular signaling cascades downstream of Gαs
signaling contributed to the loss of intrinsic inhibition in cocaineExt tissue.
Under cocaineExt conditions, we saw multiple indications that suggested
dopamine D1 receptors constitutively activate signaling to inhibit accommodation. First,
in cocaineExt tissue, bath application of dopamine at multiple doses did not alter
accommodation in cocaineExt tissue, consistent with an occlusion of the dopamine action
(Figure 10A). However, we noted that dopamine still effectively reduced the AHP
cocaineExt tissue (Figure 10B), providing further evidence that these two measures of
intrinsic inhibition are distinct.

Figure 10: Loss of dopamine neuromodulation of accommodation in tissue from
CocaineExt rats
(A) Summary graph showing bath-applied dopamine does not alter accommodation in
cocaineExt tissue. Two-way ANOVA treatment: (F1,12)=0.3585, p=.5605; interaction:
(F3,12)=.6415, p=.6028. (B) Summary graph showing bath-applied dopamine still inhibits
the AHP in cocaineExt tissue. Two-way ANOVA treatment: (F1,10)=28.09, p=.0003;
interaction: (F3,10)=1.078, p=.4019, Sidak’s posthoc. Values are mean ±SEM, numbers
represent cells / rats per group. *p<.05 vs predrug. CocaineExt training was performed by
the Neurobiology of Addiction Research Center.
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Next, when we blocked dopamine D1 receptors with SCH23390 (1 µM) prior to
recording, we observed basal levels of accommodation that resembled salineYoked tissue
(cocaineExt + SCH: APs: 9.5±1.6; AHPs: 5.8±0.9, N=8 cells / 2 rats). This may indicate
that endogenous dopamine is activating these receptors under these conditions,
however the concentration of dopamine tone present and how this would be maintained
is unclear. Other studies in the Riegel laboratory have found that intrinsic inhibition was
not restored by D1 receptor blockade SCH23390 (1 µM) prior to recording, suggesting
these effects need to be investigated further. To determine if superactivation of Gαs
coupled intracellular signaling downstream of D1 receptors contributed to the loss of
accommodation during cocaineExt, we next recorded cocaineExt tissue incubated with
H89 (10 µM) to block PKA or CPA (15 µM) to deplete intracellular calcium stores. Similar
to blockade of D1 receptors, we observed intact accommodation in tissue incubated with
either H89 or CPA (cocaineExt + H89: APs: 8.7±1.3; AHPs: 6.8±0.7, N=6 cells / 2 rats;
cocaineExt + CPA: APs: 9.1±3.2; AHPs: 4.5±0.7, N=7 cells / 3 rats). These results point
to a potential superactivation, or supersensitization, of Gαs coupled signaling that
contributes to the loss of intrinsic inhibition following cocaineExt treatment.
However, it is important to note that these experiments with SCH23390, H89,
and CPA lack a predrug condition, thus making it impossible to conclude with certainty
that these drug treatments normalized accommodation that was previsouly absent as a
result of the cocaineExt experience. Furthermore, the lack of control recordings under
similar conditions further complicates the interpretation of these data. However, based
on these limited observations and despite these caveats, these results suggest that
elevated D1 / PKA / calcium store signaling may contribute to the loss of accommodation
after cocaineExt. Basal activation of this cascade could explain the occluded effects of
exogenous dopamine. Meanwhile, dopamine neuromodulation of the AHP appeared
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intact in cocaineExt tissue, suggesting that the AHP may be more resilient to adaptation
following chronic cocaine experience.
Sustained overactivation of calcium signaling by cocaineSA desensitizes IKv7
We next sought to investigate if the loss of accommodation under cocaineExt
conditions could be explained by reduced Kv7 channel function. Elevated calcium
signaling from intracellular stores may disrupt the function of inhibitory Kv7 channels,
which can regulate accommodation independent of changes in the AHP (see chapter 3).
Low concentrations of calcium facilitate the opening of Kv7 channels to enhance
accommodation (Marrion et al., 1991). However, unlike some calcium-activated
potassium channels, higher calcium concentrations attenuate Kv7 channel activity
through activation of calcium-calmodulin (Lancaster and Zucker, 1994; Marrion et al.,
1991; Selyanko and Brown, 1996; Zhang et al., 1995).
To test for superactivation of this calcium store—Kv7 channel pathway in
cocaineExt slices, we voltage clamped PL pyramidal cells, quantified IKv7 with subtraction
currents, and compared their function in slices from cocaineExt with paired salineYoked rats
at similar time points after infusions (Figure 11). First, we clamped PL cells at
hyperpolarized (-80 mV) potentials where Kv7 channels are typically closed, and used a
series of prolonged (1s) depolarizing steps (10-50 mV) to induce sustained outward
currents (Figure 11A). Then we applied the Kv7 antagonist XE991 (10 µM) and
subtracted the remaining current from the total evoked current, leaving only the XE991sensitive (IKv7) portion (Figure 11B). In control slices from salineYoked rats, we consistently
observed IKv7 (range: 40-145 pA at 40 mV step), which became larger with stronger
levels of depolarization (Figure 11C). In cocaineExt slices however, we did not observe
any IKv7 response to depolarization, at any of the test potentials under basal conditions
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(Figure 11A, B, C). Thus, in cocaineExt tissue, under conditions designed to open Kv7
channels, the IKv7 is diminished.

Figure 11: Desensitized Kv7 channel function in tissue from cocaineExt rats
(A1) Protocol used to evaluate Kv7 channel activation in response to depolarization.
(A2) Sample traces showing outward current insensitive to XE991 in untreated
cocaineExt tissue (left, ACSF). Sensitivity to XE991 is restored by treatment with CPA (15
µM; middle) or retigabine (10 µM; right). (B1) IKv7 subtraction currents: protocol for
detecting the activation of Kv7 channels by digitally subtracting the component sensitive
to the antagonist XE991 (10 µM). (B2) Sample IKv7 subtraction currents from traces in A2.
(C) Summary graph showing IKv7 in a series of increasingly more depolarized voltage
steps in salineYoked tissue, untreated cocaineExt tissue (ACSF), or cocaineExt tissue treated
with H89 (10 µM), CPA (15 µM), or retigabine (10 µM). Two-way ANOVA interaction: F(16,
100)=4.354, p<.0001; Tukey’s posthoc. Values are mean ±SEM, *p < .05 compared to
CocaineExt, Numbers represent cells / rats per group. Prior to electrophysiology
experiments, salineYoked and cocaineExt training was performed by the Neurobiology of
Addiction Research Center.
Enhanced calcium signaling from intracellular stores is associated with
desensitization of Kv7 channel inhibition (Cruzblanca et al., 1998; Delmas and Brown,
2002; Gamper and Shapiro, 2003; Kirkwood et al., 1991; Selyanko and Brown, 1996). In
line with this, we saw that in cocaineExt tissue, pharmacological depletion of intracellular
stores with CPA (15 µM incubation) restored the IKv7 subtraction current to levels
observed in salineYoked tissue (Figure 11A2, B2, C). As calcium signaling from
intracellular stores can be potentiated by acute D1 mediated activation of cAMP and
PKA activity (Dai et al., 2008), and evidence above suggests this pathway is
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superactivated in cocaineExt tissue, we tested whether inhibition of PKA would also
restore Kv7 channel function. Consistent with this, inhibition of PKA with H89 (10 µM
incubation) restored IKv7 in cocaineExt tissue (Figure 11C). Furthermore, the effects of
CPA and H89 resembled what we observed with IKv7 in cocaineExt tissue treated with the
Kv7 channel stabilizer retigabine (10 µM) (Figure 11A2, B2, C). These results indicate
that under cocaineExt conditions, a PKA / calcium store signaling pathway desensitizes
IKv7.

Restoring intrinsic inhibition after cocaineExt by enhancing potassium channel
function
We next evaluated whether pharmacologically enhancing the function of Kv7
channels in current clamp could restore intrinsic inhibition in cocaineExt tissue. In
cocaineExt slices, we applied the Kv7 channel stabilizer retigabine (10 µM) and observed
that this restored accommodation, significantly reducing action potential firing in
response to depolarizations of 200-1000pA (Figure 12A1, A2). However, consistent with
our findings in naïve tissue that Kv7 channels regulate accommodation independent of
the AHP (see Chapter 3), retigabine failed to alter the AHP in cocaineExt tissue (Figure
12A1, A3). Meanwhile, enhancing calcium-activated potassium channel function was
insufficient

to

overcome

the

loss

of

intrinsic

inhibition

in

cocaineExt

slices.

Pharmacological enhancement of KCa3.1 channel activity with SKA31 (1 µM) or sK
channel activity with NS309 (10 µM) did not produce significant effects on intrinsic
inhibition in tissue from cocaineExt rats (Figure 12B, C).
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Figure 12: Restoring intrinsic inhibition in CocaineExt tissue by enhancing
potassium channel function
(A) Stabilization of Kv7 channels with retigabine (10 µM) in cocaineExt tissue. Example
traces (A1) and summarized data showing retigabine restores accommodation (A2; Twoway ANOVA interaction: F(7,21)=46.61, p<.0001; Sidak’s posthoc) but not the AHP (A3;
t(2)=.5282, p=.6501). (B) Enhancing KCa3.1 channel function with SKA31 (1 µM) in
cocaineExt tissue. Example traces (B1) and summarized data showing SKA31 fails to
restore accommodation (B2; Two-way ANOVA interaction: F(7,35)=1.868, p=.1051) or the
AHP (B3; t(5)=.8956, p=.4115). (C) Enhancing the function of sK channels with NS309
(10 µM) in cocaineExt tissue. Example traces (C1) and summarized data showing NS309
does not restore accommodation (C2; Two-way ANOVA interaction: F(7,21)=2.471,
p=.0513) or the AHP (C3; t(3)=.0874, p=.9359). 800pA steps are shown. Values are
mean ±SEM, *p < .05. Numbers below represent cells / rats. Prior to electrophysiology
experiments, CocaineExt training was performed by the Neurobiology of Addiction
Research Center.
Thus,

chronic

cocaine

self-administration

renders

PFC

pyramidal

cells

hypersensitive by disrupting accommodation, and stabilization of Kv7 potassium
channels overcomes this neuroadaptation. These results parallel with our findings under
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naïve conditions (see Chapter 3), where Kv7 blockade inhibits accommodation.
Furthermore, these results are consistent with an enduring superactivation of a PKA /
calcium store pathway that disrupts Kv7 channel function in cocaineExt slices. For these
reasons, we next focused exclusively on Kv7 channel function after re-exposure to
cocaine-paired cues to evaluate their role the reinstatement of drug-seeking behavior.

Pharmacological rescue of IKv7 blocks cue-induced reinstatement
We next examined whether cue-reinstatement conditions would produce similar
suppression of Kv7 channel function, and whether its restoration would alter reinstated
lever pressing. In voltage clamp, we selected an established deactivation protocol that
separates the voltage dependent closure and time course of IKv7 from other channels
(Lamas and Selyanko, 1997; Schnee and Brown, 1998). In this protocol, PL cells were
polarized once per minute with a 1s long step to -20 mV, and then stepped back to -60
mV to force the deactivation of a slowly relaxing outward IKv7 current (Figure 13A1). Upon
repolarization to -20 mV, IKv7 reactivates. We obtained a 5-10 min baseline, added the
Kv7 antagonist XE991 (10-20 µM) to the bath, and measured the resulting changes. The
amplitude of the averaged deactivation current was used as an index of the remaining
IKv7 in salineyoked controls, cueReinst, and in some instances cocaineExt tissue (Huang and
Trussell, 2011; Koyama, 2006; Lawrence et al., 2006a; 2006b; Martinello et al., 2015;
Wang et al., 1998).
In salineYoked controls, we observed a functional IKv7 deactivation current that did
not differ from responses in naïve tissue (t(4)=1.3, p<.05), therefore we grouped neurons
from these rats for comparison against cueReinst tissue. In naïve/salineYoked control tissue,
we saw that XE991 reduced the outward current over the course of 8-10 min from
143.1±21.1 to 85.2±19.6pA (Figure 13A1, A2). This was accompanied by a reduction in
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Ihold from 80.6±9.4 to 54.2±12.6pA (t(4)=3.655, p=.0217) consistent with a change in IKv7
(Lawrence et al., 2006a). In contrast, in cueReinst slices, IKv7 was not apparent, as XE991
produced little change in the deactivation current (69.2±17.3 to 49.9±15.0pA; Figure
13A2) or Ihold (-7.1±17.1 to -62.5±40.0pA t(3)=1.502, p=.23). We noted that in cueReinst
slices this inhibitory IKv7 deactivation current was even more reduced than what we
observed under analogous cocaineExt conditions, although this did not reach statistical
significance presumably due to a floor-effect (IKv7 cocaineExt: 37.49±14.2pA, IKv7 cueReinst:
27.64±7.7pA; t(4)=.68, p=.5336). However, we noted that the raw amplitudes of the
outward activation currents were significantly reduced in cueReinst tissue compared to
cocaineExt tissue (IOutward cocaineExt: 1269±199pA, IOutward cueReinst: 619±36pA; t(10)=2.25,
p=.0486), consistent with a further reduction in Kv7 channel function following cueReinst.
If we treated cueReinst slices with CPA (15 µM incubation) to pharmacologically
deplete calcium from intracellular stores, or with the Kv7 channel opener retigabine (10
µM), we again observed robust IKv7 deactivation currents (Figure 13A2), and a reduction
in Ihold in response to XE991 (CPA: 70.8±22.5 to 31.5±32.1pA, t(4)=1.655, p=.1733;
retigabine: 99.1±23.0 to 62.2±21.8pA t(4)=10.92, p=.0004). We observed a similar
restoration of IKv7 deactivation currents with retigabine treatment under cocaineExt
conditions (IKv7 cocaineExt + retigabine: 84.6±9.2pA; n=7 cells / 3 rats). The effect of
combined treatment of retigabine (10 µM) with CPA (15 µM incubation) was additive in
cueReinst slices, for both the IKv7 deactivation current (Figure 13A2) and Ihold (105.6±18.4 to
66.1±14.5pA after XE991, t(4)=6.395, p=.0031), and beyond what we observed in either
cocaineExt (IKv7 cocaineExt + retigabine & CPA: 121.1±26.0pA; n=7 cells / 3 rats) or
naïve/salineYoked control tissue (Figure 13A2).
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Figure 13: Restoration of Kv7 channel inhibition in tissue from CueReinst rats
(A1) Control (naïve/salineYoked) tissue: Sample trace showing a slow inward relaxation
current following repolarization of the membrane. Digital subtraction of the component
sensitive to the Kv7 channel antagonist XE991 (20 µM) reflects deactivation of Kv7
channels (IKv7). (A2) CueReinst tissue: sample traces and summary data. IKv7 is reduced
under basal conditions (t(8)=5.25, p=.0008), but restored by CPA (15 µM) (t(7)=.7446,
p=.4808), or retigabine (10 µM) (t(8)=.09616, p=.9258). Combined application of CPA
and retigabine yields an additive increase in IKv7 (t(7)=3.188, p=.0153). Values are mean
±SEM, *p < .05, Student’s T-tests, Numbers below represent cells / rats. Prior to
electrophysiology experiments, salineYoked and cueReinst was performed by the
Neurobiology of Addiction Research Center.
The additive effect of CPA and retigabine under cueReinst conditions could indicate
that depletion of calcium stores alone does not completely restore the function of all
available Kv7 channels, but combined with pharmacological stabilization of the channels
with retigabine, the function of additional Kv7 channels is restored. The observation that
the combined CPA and retigabine treatments augmented Kv7 channel inhibition beyond
control levels could also indicate an overall change in the number of expressed channels
as a result of the cueReinst treatment. Collectively, this indicates that IKv7 is further reduced
under cueReinst conditions, but retigabine stabilization of Kv7 channel function or
treatments that diminish calcium signaling from intracellular stores reestablishes IKv7.
Based on these findings, we expected that restoration of Kv7 channel function
would be sufficiently strong to attenuate reinstated cocaine seeking. Therefore, in a
separate group of rats trained and extinguished of cocaine self-administration (Figure
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14A1), we infused retigabine (3-300 µM) bilaterally into the PFC and 10 min later
evaluated cocaine seeking in response to cues. As predicted, PL infusion of retigabine
dose-dependently reduced cue-induced cocaine seeking compared to vehicle (Figure
14A2). The effectiveness of retigabine to reduce drug seeking in response to cues is
likely mediated by its ability to stabilize Kv7 channel function as these channels are the
primary target of retigabine with EC50 values in the low micromolar range (Gunthorpe et
al., 2012). However, off-target effects cannot be ruled out in these experiments,
especially at the 300 µM retigabine concentration, where GABAA, calcium, and sodium
channels could be effected (Gunthorpe et al., 2012).
We next assessed whether PL infusion of retigabine could also reduce
reinstatement induced by a priming injection of cocaine. However, reinstatement induced
by a cocaine-prime (10 mg/kg; I.P.) was unaltered by retigabine infusions (Figure 14A3).
This may be due to additional cellular adaptations produced by the priming injection of
cocaine that drive drug seeking despite the stabilization of Kv7 channels by retigabine.
Alternatively, perhaps following this cocaine injection, prolonged dopamine transients in
the cortex further disupt intrinsic inhibition to a degree that retigabine cannot normalize.
As PL infusion of retigabine had no effect on spontaneous locomotor activity in a
novel chamber (Figure 14B), the suppression of cue-induced drug-seeking is not likely
due to non-specific suppression of locomotor activity as seen previously with systemic
retigabine injections (Hansen et al., 2007). Furthermore, in a separate cohort of rats
trained and extinguished of sucrose self-administration on an FR5 schedule of
reinforcement (Figure 14C1), PL infusions of retigabine did not affect cued reinstatement
of sucrose seeking (Figure 14C2). This suggests that retigabine treatment may
specifically reduce drug-seeking behavior in response to cues, without reducing
motivated responses for natural rewards.
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Figure 14: PL infusion of retigabine blocks cue-induced cocaine seeking
(A1) In rats trained and extinguished of cocaine self-administration, (A2) PL infusion of
retigabine dose-dependently reduced reinstatement of cocaine seeking induced by cues
(Two-way ANOVA interaction: F(4,60)=5.888, p=.0005). (A3) Cocaine seeking in response
to a priming injection of cocaine (10 mg/kg; I.P.) remained intact after PL infusion of
retigabine (Two-way ANOVA interaction: F(4,43)=4.036, p=.0073). (B) In the same rats, PL
infusion of retigabine did not reduce spontaneous locomotor activity in a novel chamber
(Time course: Two-way ANOVA interaction: F(22,143)=1.338, p=.1571). (C1) In a separate
cohort of rats trained (FR5) and extinguished of sucrose seeking, (C2) PL infusion of
retigabine (30 µM) did not alter cue-induced sucrose seeking (Two-way ANOVA main
effect of lever: F(1,12)=19.4, p=.0009; interaction: F(2,12)=3.22, p=.076). (D) Summarized
cannulae placements for the cocaineExt (blue) and sucroseExt (green) groups. Values are
mean ±SEM, Fisher’s LSD posthoc: *p < .05 compared to extinction active lever presses,
#p < .05 compared to vehicle active lever presses. Numbers below represent rats per
group.

In conclusion, although literature suggests chronic cocaine self-administration
administration of psychostimulants is associated with an overall reduction in basal levels
of cortical activity (Goldstein and Volkow, 2011), these results show that chronic cocaine
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self-administration enhances the sensitivity of PL-PFC cells to depolarization via a
dopamine D1 receptor / PKA / calcium store / Kv7 channel pathway that drives drugseeking behavior in response to cues.
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Discussion
Systems level studies implicate the VTA-PFC-ACBCore circuitry in mediating cue-induced
reinstatement to cocaine seeking, but the cellular mechanisms that orchestrate this
behavior remain unclear (Capriles et al., 2003; McFarland and Kalivas, 2001; Rebec and
Sun, 2005; Schultz, 2007a; Sun and Rebec, 2006; 2005; Tobler et al., 2005). To address
this, we integrated operant self-administration behavior with in situ patch clamp
physiology. We investigated the role of potassium channel mediated intrinsic inhibition in
PL cortical neurons – these neurons receive inputs from VTA dopamine cells and project
to multiple limbic structures, including the ACBCore (Carr et al., 1999; Gabbott et al.,
2005). Following chronic cocaine self-administration, we found PL neurons to be
hypersensitive to depolarizing inputs, due to overactivation of dopamine D1 receptor
signaling and intracellular calcium stores, resulting in desensitization of inhibitory Kv7
channels. Our results provide a mechanism that describes how operant cocaineSA
training hyperactivates PL transmission during re-exposure to drug associated cues. We
show this mechanism to be critically involved in cocaine relapse behavior.

Chronic cocaine self-administration renders PL cells hypersensitive
Neurons from many brain regions display learning related alterations in intrinsic
excitability, however these changes are typically transient or reversed by extinction
training (Buchta and Riegel, 2015; Hayton et al., 2011; McKay et al., 2009; Moyer et al.,
1996; Oh and Disterhoft, 2014). Here we found that after cocaineExt, accommodation and
the AHP were markedly impaired in PL cells (Figure 9). Non-contingent cocaineYoked
experience did not fully replicate these adaptations, suggesting a role for voluntary
cocaine intake in this type of addiction-related plasticity. Self-administration training for a
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natural (sucrose) reward does not replicate this neuroadaptation either, suggesting that
the observed loss of intrinsic inhibition may be specific to an addiction-like phenotype.
The lack of such adaptations in operant conditioning for natural rewards (Figure
9) parallels imaging studies showing marked differences in activation of PFC-ACB
circuitry in rats trained to self-administer cocaine compared to sucrose (Lu et al., 2014).
Similarly, glutamate transmission onto VTA dopamine neurons is persistently potentiated
after cocaine self-administration, but not yoked-cocaine or sucrose self-administration
(Chen et al., 2008). Drug associated cues trigger glutamate release in the VTA (Wang et
al., 2005), which would be expected to amplify VTAPL transmission. After long-term
training, the cocaine-associated cues themselves stimulate dopamine neurons and
dopamine release in the PFC, and enhance the magnitude of cocaine-stimulated PFC
dopamine levels (Ikegami et al., 2007). Furthermore, cues delivered with an infusion of
cocaine also initiate reinstatement and are associated with further potentiation of phasic
dopamine release in the PFC (Wanat et al., 2009). Therefore, we consider enhanced
PFC dopamine release in response to drug-paired cues a likely factor both in generating
the reduction of intrinsic inhibition, as well as potentiating drug-seeking behavior upon
re-exposure to cocaine-paired cues.

Basal enhancement of dopamine D1 receptor signaling cascades in the PL after
CocaineExt
Reinstatement requires both activation of PFC dopamine receptors and active VTA
dopamine cells (Capriles et al., 2003; McFarland and Kalivas, 2001; Rebec and Sun,
2005; Schultz, 2007a; Sun and Rebec, 2006; Tobler et al., 2005), suggesting
involvement of the mesocortical pathway in drug-seeking responses. At a functional level,
the mesocortical dopamine system operates at multiple time scales including higher
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frequency phasic transients and constant (low level) tonic background stimulation
(Paladini and Roeper, 2014; Schultz, 2007b; 2007a). By integrating and differentiating
these signals, cortical systems suppress neuronal responses to weaker inputs and
enhance responses to stronger inputs (Cohen et al., 2002; Dreher and Burnod, 2002;
Jentsch et al., 2000; Seamans and Yang, 2004). By potentiating VTAPL transmission and
reducing intrinsic inhibition, cocaine self-administration may disrupt natural PFC
neuronal ensembles to stabilize inappropriate behavioral responses (Crook et al., 1998;
van Vreeswijk and Hansel, 2001). Thus, the observed adaptations in PFC intrinsic
inhibition may enhance the detection of, and responses to, phasic high frequency
dopamine transients associated with VTAPL transmission, which in turn is known to
promote the likelihood that a conditioned stimulus predicts subsequent reward (Fiorillo et
al., 2003).
We considered how excessive dopamine transmission in the PFC reduces
intrinsic inhibition. Under control conditions, dopamine D1 receptors regulate intrinsic
inhibition via multiple intracellular signaling pathways that intersect at AC / cAMP / PKA
and intracellular calcium (See Chapter 3). AC / PKA signaling can potentiate intracellular
calcium signaling, including calcium signaling from intracellular stores (Araya et al.,
2013; Chen et al., 2007; Riegel and Williams, 2008). This intracellular signaling cascade
has been especially well characterized in cardiac tissue and skeletal muscle, where
enhanced PKA phosphorylation of ryranodine receptors disrupts intracellular calcium
signaling and leads to heart failure and muscle fatigue (Kushnir, 2010; Bellinger et al.,
2008; Lehnart et al., 2008; Marx and Marks, 2013; Marx et al., 2000). Consistent with
superactivation of this AC / cAMP / PKA / calcium store signaling pathway in the PL after
cocaineExt, we observed that the loss of accommodation after cocaineExt was reversed by
antagonists for dopamine D1 receptors, inhibition of PKA, depletion of intracellular stores,
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or by stabilization of Kv7 channels with retigabine (Figures 9, 12). Together, these
results suggest the loss of accommodation after cocaineExt results from enhanced D1 /
PKA / calcium store signaling that disrupts Kv7 channel inhibition (Figure 15).
Accommodation under naïve conditions involves Kv7 channels (See Chapter 3),
and calcium signaling from intracellular stores can reduce the inhibition provided by
these channels (Cruzblanca et al., 1998; Delmas and Brown, 2002; Gamper and Shapiro,
2003; Gamper et al., 2003; Kirkwood et al., 1991; Selyanko and Brown, 1996). Our
voltage clamp results indicate this may be occurring in our rodent model of cocaine
addiction, as Kv7 channel currents are suppressed under cocaineExt and cueReinst
conditions, but can be restored by depleting intracellular calcium stores or stabilization
with retigabine (Figure 11, 13). Furthermore, enhancement of Kv7 channel function in
vivo with retigabine treatment reduced reinstatement when administered into the PFC
prior to the presentation of cocaine-paired cues (Figure 14). Collectively, these results
are consistent with enhanced intracellular signaling downstream of dopamine D1
receptors, resulting in calcium-store mediated inhibition of Kv7 channels that contributes
to drug-seeking behavior. As this effect of retigabine appeared specific for the
reinstatement of drug seeking induced by cues, and retigabine has been reported to be
well tolerated in human populations (Brodie et al., 2010; French et al., 2011; Gunthorpe
et al., 2012), it may be an effective therapeutic to help reduce drug cravings in human
cocaine addicts.
We observed a trend towards reduced AHP in cocaineExt tissue, but unlike
accommodation, exogenous application of dopamine was still capable of reducing the
AHP (Figure 10). Furthermore, inhibiting the D1 / PKA / calcium store pathway did not
alter AHP in cocaineExt tissue, indicating that although this intracellular signaling cascade
disrupts accommodation, it does not appear to disrupt the AHP in cocaineExt tissue.
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Furthermore, while evidence suggests that KCa3.1 channels contribute to the AHP (See
Chapter 3) (King et al., 2015), neither enhancing the function of KCa3.1 channels with
SKA31 nor enhancing the function of sK channels with NS309 restored accommodation
in cocaineExt tissue (Figure 11). As reductions in the AHP convert LTD into LTP (Zaitsev
and Anwyl, 2012), and cells with reduced AHPs lose their ability to transition out of LTP
(Fuenzalida et al., 2007), underling adaptations in AHP function could contribute to
disrupted plasticity at glutamatergic synapses observed in the PFC previously (Huang et
al., 2007; Lu et al., 2010). Therefore additional studies investigating AHP dysfunction in
the PFC after chronic cocaine experience are warranted. We would predict the
identification of pharmacological agents that restore the AHPs, if combined with
retigabine, would have additional therapeutic benefit to help further reduce drug seeking
behavior.

VTA-PFC-ACBCore circuitry in the reinstatement of cocaine seeking
Our results above compliment recent findings in the PL-ACBCore circuit after
cocaine experience. We speculate that decreased intrinsic inhibition in PL cells may
contribute to the initiation of drug-seeking in response to cocaine-paired cues via their
projections to the ACBCore (Gipson et al., 2013; McFarland et al., 2003; Stefanik et al.,
2015). High frequency cocaine self-administration promotes PL-PFC control of cocaine
seeking (Martín-García et al., 2014). Cocaine self-administration remodels the PLACBCore pathway by enhancing silent synapses in the ACB, and optogenetic reversal of
this plasticity reduces cue-induced cocaine seeking (Ma et al., 2014). Furthermore, reexposure to cocaine-paired cues after extinction training induces transient synaptic and
structural potentiation in the ACBCore (Gipson et al., 2013). This plasticity correlates with
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drug-seeking responses and requires glutamatergic input from the PL, as optical
inactivation of PL-ACBCore inputs prevents both the reinstatement and this synaptic
potentiation (Gipson et al., 2013; Stefanik et al., 2015). These studies indicate a clear
role for the PL-ACBCore circuit in the reinstatement of drug seeking, with increased
activity in this promoting drug seeking behavior.
However, when foot-shock is used to deter cocaine-seeking behavior instead of
extinction training, ‘shock-resistant’ addicted-like rats demonstrate reduced cortical
excitability (Chen et al., 2013). Moreover, optogenetically increasing PL activity under
these conditions prevents drug seeking in the face of punishment. These seemingly
controversial effects point to a complex role of PL-PFC intrinsic inhibition in drug seeking
behaviors, and suggest PL activity initiates the strongest currently motivated behavioral
response (Jasinska et al., 2014). Given that drug addicts show a hypoactive PFC under
basal conditions when motivation is low, but heightened PFC responses to highly salient
and motivating drug related cues (Goldstein and Volkow, 2011; 2002; Robinson and
Berridge, 1993), we propose that the loss of intrinsic inhibition we observed here
contributes to enhanced motivational saliency of drug-paired cues, resulting in cueinduced PFC hyperactivity that drives ACB signaling to initiate drug seeking in response
to cues.
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Figure 15: Summary schematic: Dysfunction in calcium stores attenuates Kv7
channel inhibition in the prefrontal cortex to drive cue-Induced reinstatement of
cocaine seeking
Simplified schematic that outlines how following chronic cocaine self-administration,
enhanced intracellular signaling downstream of dopamine D1 receptors reduce intrinsic
inhibition in prelimbic PFC pyramidal neurons. The resulting dis-inhibition renders these
cells hypersensitive to depolarizing inputs, and may underlie drug-seeking behavior in
response to cocaine-paired cues via their projections to the nucleus accumbens core.

Conclusions
Exploring and understanding the changes in spike frequency adaptation and D1 receptor
signaling during cocaine addiction are of fundamental importance because dopamine
release in the PFC is linked to the reinstatement of motivated behaviors triggered by
cues, cocaine, and stress (Devoto et al., 2014; McFarland and Kalivas, 2001; Nair et al.,
2011; See, 2009; Sun et al., 2005). Dopamine in the PFC guides ongoing behavior by
reflecting the relative rate of received rewards, with elevated dopamine providing
transient increases in basal motivation (Schultz, 2007b; 2007a; Schultz et al., 2015; St
Onge et al., 2012). We show that cocaine self-administration induced alterations in PFC
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dopamine neurotransmission promote cue-induced drug seeking via superactivation of
dopamine D1 receptor signaling and inhibition of Kv7 channels.
Literature indicates Kv7 channels are operative at spike threshold and their
activation functions as a physiological voltage clamp, dictating whether the neuron fires
an action potential (Brown and Randall, 2009; Delmas and Brown, 2005). Since Kv7
channels regulate spike frequency adaption and their slow activation produces a lasting
potent inhibition, they are well positioned to regulate the threshold for induction of LTPlike plasticity (Li et al., 2014; Petrovic et al., 2012). Thus, we postulate that excessive
dopamine in the PFC superactivates multifaceted and redundant intracellular signaling
cascades, possibly facilitating LTP in the PL-ACB pathway, causing hypersensitivity to
drug associated cue-stimuli.
Finally, our data identified significant translational potential for this mechanism,
as a drug that restored Kv7 inhibition (retigabine) reduced reinstated lever pressing. A
Kv7 channel mechanism has not been investigated in the context of drug relapse, but
the presence of Kv7 channel activators that are FDA approved for treating epilepsy
makes this a potentially viable direction for future clinical trials.
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Chapter 5:
Discussion and Future Directions

The data collected in this dissertation demonstrates a mechanism by which chronic
cocaine self-administration usurps dopamine signaling in the prefrontal cortex, causing
enduring cellular adaptations that contribute to drug seeking in a rodent model of
cocaine addiction.
Previous investigations into the effects of dopamine on cortical excitability
demonstrated moderate increases (Shi et al., 1997), decreases (Gulledge and Jaffe,
1998) or both (Trantham-Davidson, 2004), leading to a confusing picture regarding the
net effects of dopamine on cortical excitability. Here we show conclusively that brief
exposure to dopamine reduces the intrinsic inhibition of pyramidal neurons in the PL
PFC in a dose dependent manner. Moreover, this plasticity can be replicated with
chemogenetic and optogenetic stimulation of VTA terminals within the cortical slice,
suggesting this gating of intrinsic inhibition may be of fundamental importance for VTA
modulation of cortical neurons. Consistent with our finding in situ, in vivo stimulation of
the VTA to mimic burst firing also produces similar increases in PFC neuron excitability
that last for extended periods of time (>45mins) (Lavin et al., 2005). These data support
the conclusion that VTA neuron burst firing may open the gate for cellular plasticity in the
cortex by dis-inhibiting cortical neurons, enhancing their sensitivity to incoming excitation.
This function of dopamine would be consistent with a gain control mechanism that
serves to enhance signal to noise within the PFC as previously hypothesized (Seamans
and Yang, 2004), albeit by a mechanism not previously considered—a reduction in the
potassium channels that mediate accommodation and the AHP.

106

We demonstrate that chronic cocaine self-administration results in an enduring
reduction in potassium channel function that contributes to drug-seeking behavior in
response to cues. The loss of intrinsic inhibition appears to result from elevated basal
levels of D1 receptor signaling, including AC, cAMP, PKA, and calcium signaling from
intracellular stores, consistent with ‘superactivation’ or ‘supersensitization’ of intracellular
signaling during the withdrawal from protracted drug use (Hemby, 2010; Terwilliger et al.,
1991; Watts, 2002; Watts and Neve, 2005). This neuroadaptation appears to depend
upon voluntary drug intake, as yoked cocaine did not produce the same effects. These
findings demonstrate the importance of the contingency of cocaine administration, and
suggest the loss of potassium channel inhibition in the PFC may be most pronounced in
addiction-like phenotypes that involve both learning and pharmacological components,
perhaps resulting from a synergistic potentiation of dopamine transients in the cortex
during operant conditioning for cocaine.
Dopamine D1 receptor signaling activates complex intracellular signaling
cascades. Stimulation of dopamine D1 receptors coupled to Gαs activates coupled AC
and cAMP signaling pathways to activate PKA, which can promote enhanced calcium
signaling from intracellular stores (Araya et al., 2013; L. Chen et al., 2007; Riegel and
Williams, 2008). Dopamine receptors can also regulate calcium signaling from stores via
Gβγ signaling independent of cAMP / PKA (Zeng et al., 2003), as well as indirectly via
PKA signaling (Dai et al., 2008). While PKA regulation of calcium store signaling has
also been well-characterized in other cell types such as cardiac cells (Kushnir, 2010;
Bellinger et al., 2008; Lehnart et al., 2008; Marx and Marks, 2013; Marx et al., 2000),
fewer studies investigate this signaling cascade in pyramidal neurons in the PFC.
Our data suggest that cAMP, PKA, and calcium signaling from intracellular stores
may be upregulated after chronic cocaine experience, resulting in the dysfunction of
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multiple potassium channels important for intrinsic inhibition. While the mechanisms
underlying AHP dysfunction remain unclear, we demonstrate that PKA and calcium
signaling from intracellular stores contribute to reduced Kv7 channel function. Because
Kv7 channels gate accommodation by acting as a physiological voltage clamp (Delmas
and Brown, 2005; Wang et al., 1998), and the major mechanism by which neurons
communicate is via action potential firing, we aimed to restore normal action potential
firing by enhancing the function of Kv7 channels with retigabine, an FDA approved Kv7
channel stabilizer. We demonstrate that retigabine stabilization of Kv7 channels restored
accommodation and Kv7 channel function in situ, and blocked cue-induced cocaine
seeking in vivo. Thus, restoring the activity of Kv7 channels after chronic cocaine selfadministration may therefore be an effective pharmacotherapy for addiction. In sum,
these findings demonstrate a role for intrinsic plasticity and channelopathy in drug
addiction, and warrant further research of the underlying signaling cascades as potential
therapeutic targets for relapse treatments (Figure 16).
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Figure 16: Summary schematic: cellular signaling cascade implicated in the loss
of intrinsic inhibition in the PFC following chronic cocaine self-administration and
cue-induced reinstatement.
Simplified schematic that outlines the cellular signaling cascade implicated in the loss of
intrinsic inhibition in pyramidal cells of the PFC following chronic cocaine selfadministration and cue-induced reinstatement. Chronic stimulation of dopamine D1
receptors during cocaine self-administration training results in an enduring enhancement
of post-synaptic dopamine D1-receptors signaling, including adenylyl cyclase (AC)
activity, cAMP accumulation, PKA activity, and potentiation of calcium signaling from
intracellular stores. Enhancement of this cascade disrupts the inhibition provided by
potassium channels, especially Kv7 channels. We demonstrate that restoring the
function of Kv7 channels prevents cocaine seeking. Future studies should investigate
additional ways to reduce the activation of this signaling cascade, perhaps by targeting
the regulation of its intracellular components.
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Altered Function of Mesocortical Terminals
One question that emerges from these data relates to the presynaptic release of
dopamine from mesocortical terminals in the PFC. We demonstrate that after cocaine
self-administration and extinction, PL neurons show a loss of intrinsic inhibition, but the
D1 receptor antagonist SCH23390 blocks this adaptation. One possibility is that
SCH23390 acts as an inverse agonist to reduce constitutive adenylyl cyclase activity;
however this does not appear to be the case, at least in cell cultures assessing D1
receptor dependent adenylyl cyclase activity (Cai et al., 1999), although to our
knowledge this has not been examined in acute brain slices from drug-treated animals.
Another possibility is that dopamine reuptake mechanisms are reduced following chronic
cocaine exposure. However following repeated cocaine self-administration, PFC levels
of DAT increase both in rodent and primate models of cocaine addiction (Grimm et al.,
2002; McIntosh et al., 2013), perhaps to compensate for enhanced release of dopamine.
Indeed, chronic exposure to cocaine increases the amount of PFC dopamine in
response to subsequent challenges of cocaine or re-exposure to drug-paired cues (BenShahar et al., 2012; Ikegami et al., 2007; Nakagawa et al., 2011; Parsegian and See,
2014; Sorg et al., 1997). Therefore, it is intriguing to speculate that dopamine release
from presynaptic terminals is elevated in PFC brain slices following chronic cocaine selfadministration.
Future studies investigating dopamine release from presynaptic terminals in the
PFC should aim to characterize cocaine-induced neuroadaptations occurring within the
presynaptic terminals. Multiple methodologies would allow for investigations of
neurotransmitter release from these terminals. Fluorescent false neurotransmitters
(FFNs) are one possibility. These research tools were developed as optical tracers to
investigate the release of neurotransmitter from presynaptic terminals, and fluoresce
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after accumulating in presynaptic vesicles expressing vesicular monoamine transporters
(VMATs) (Gubernator et al., 2009), or via uptake through DAT on dopaminergic
terminals (Rodriguez et al., 2013). Including these dyes for 30 mins in an incubation
chamber containing acute brain slices is sufficient to load presynaptic dopaminergic
terminals (Gubernator et al., 2009). As the vesicles are released from presynaptic
terminals, the fluorescence signal disappears, thus these tools may be useful for
investigating altered release probability from cortical VTA terminals. However, careful
experimental controls (such as 6-hydroxydopamine lesions) will be needed to ensure
fluorescent signals result from neurotransmitter release from dopaminergic terminals,
and not serotonergic and adrenergic terminals which also use VMAT to package
vesicles.
A second, perhaps more selective strategy to investigate presynaptic functioning
of cortical VTA terminals would be to express calcium indicators in these terminals,
either via viral induction into the VTA or with transgenic mice expressing genetically
encoded calcium indicators specifically in midbrain dopamine neurons (Lin et al., 2012;
Sgobio et al., 2014). Using this approach, in combination with 2-photon imaging and
optogenetics, presynaptic calcium transients can be measured, allowing for the
investigation of various presynaptic processes including calcium influx via voltage gated
calcium channels and receptor mediated neuromodulation (Sgobio et al., 2014). These
techniques would allow for detailed investigations of dopamine release from presynaptic
terminals in the PFC. Understanding the mechanisms regulating neurotransmitter
release from these terminals, and alterations produced as a result of chronic cocaine
exposure, may provide insights into the pathology of addiction, perhaps revealing
promising targets for therapeutic intervention.
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Reducing AC / cAMP / PKA signaling by stimulating opposing Gαi-GPCRs
We demonstrate that inhibition of signaling cascades downstream of D1 receptors
restores intrinsic inhibition following chronic cocaine self-administration, consistent with
superactivation of AC / cAMP signaling. We speculate that this occurs as a result of an
imbalance of D1 over D2 receptor signaling following chronic cocaine self-administration.
Persistent activation of Gαi coupled receptors, including D2 receptors (as would
be expected during cocaine self-administration), could result in heterologous
sensitization of Gαs receptor signaling (Watts and Neve, 2005; 1997, 1996). This
phenomenon was originally demonstrated in response to morphine activation of δ-opioid
receptors (Sharma et al., 1975). Heterologous sensitization of Gαs receptor signaling
promotes both enhanced cAMP responses to subsequent Gαs receptor stimulation, as
well as basal acculumation of cAMP (Cumbay and Watts, 2001; Watts and Neve, 2005).
Cocaine exposure also reduces dopamine D2 receptor binding in the PFC (Volkow et al.,
1993), and degrades intracellular signaling cascades downstream of D2 receptors that
can oppose D1 receptor signaling (Bowers et al., 2004; Hearing et al., 2012; Stoof and
Kebabian, 1981). This is thought to occur in part via upregulation of AGS-3 signaling,
which reduces D2 receptor signaling by inhibiting GDP dissociation from Gαi coupled
receptors (Bowers et al., 2004). Furthermore, reducing AGS-3 signaling in the PFC to
normalize Gαi signaling reduces cocaine-seeking behavior (Bowers et al., 2004).
Together, this suggests that chronic cocaine self-administration may sensitize Gαs / AC
signaling in the PFC, resulting in an accumulation of intracellular cAMP. This in turn may
result in tonic elevations in PKA activity, which can persist for weeks after cocaine
exposure (Ford et al., 2009).
From a therapeutic perspective, currently available D1 receptor antagonists as a
treatment for cocaine relapse may not be effective (Haney et al., 2001). However,
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reducing intracellular cAMP / PKA activity could be achieved by stimulating GPCRs that
couple to Gαi, such as alpha-2A-adrenergic receptors. Alpha-2A-adrenergic receptors
localize with similar distributions as dopamine D1 receptors near dendritic spines in the
PFC (Aoki et al., 1994; Smiley et al., 1994; Wang et al., 2007), and stimulation of these
receptors reduces AC / cAMP and PKA activity (Atkinson and Minneman, 1991). Indeed,
alpha-2A-adrenergic receptor agonists such as guanfacine have proven to be an
effective strategy to reverse PFC dependent cognitive impairment in a number of animal
models involving elevated AC / cAMP and PKA activity (reviewed by Gamo and Arnsten,
2011). It should be noted however that alpha-2A-adrenergic receptors are also
expressed on presynaptic nerve terminals, and thus their activation can dampen
neurotransmitter release in general, which is thought to contribute to the reported
sedative effects of these agents (Arnsten et al., 1988). Furthermore, as discussed above,
elevated AGS-3 signaling following cocaine experience could disrupt Gαi signaling of
alpha-2A-adrenergic receptors, potentially blunting the efficacy of this treatment strategy.
Nevertheless, stimulation of alpha-2A-adrenergic receptors reduces cue and
stress induced reinstatement of cocaine seeking in rodent models of addiction (Erb,
2000; Smith and Aston-Jones, 2011), and preliminary studies with clonidine or
guanfacine administration in human cocaine addicts suggest these treatments may be
beneficial in reducing drug seeking behavior in response to stress or cocaine-paired
cues (Fox et al., 2012; Jobes et al., 2011). These results provide support for our working
hypothesis that reducing AC / cAMP / PKA activity in the PFC following chronic cocaine
experience may be an effective strategy to reduce drug relapse. Future studies should
investigate whether stimulating other postsynaptic Gαi coupled receptors in the PFC
(such as 5HT1A receptors) may also reduce drug-seeking behavior (Celada et al., 2004;
Newman-Tancredi, 2011; Santana et al., 2004).
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PKA enhancement of intracellular calcium signaling
Our results indicate that enhanced PKA activity contributes to the loss of intrinsic
inhibition following chronic cocaine self-administration, as inhibiting PKA restores
accommodation. ‘Superactivated’ or ‘supersensitized’ of adenylyl cyclase activity and
enhanced PKA activity would be expected to potentiate intracellular calcium signaling,
including calcium signaling from intracellular stores (Araya et al., 2013; Chen et al.,
2007; Dai et al., 2008; Riegel and Williams, 2008). Increased calcium signaling may
further augment the activity of specific calcium stimulated AC isoforms AC1 and AC8,
further promoting cAMP production and PKA activity (Watts and Neve, 2005).
Consistent with enhanced intracellular calcium store signaling after chronic
cocaine experience, we demonstrate that the function of Kv7 channels (which close with
elevated calcium signaling from intracellular stores) is disrupted following chronic
cocaine self-administration—an adaptation normalized by depleting intracellular calcium
stores. There are multiple ways by which calcium signaling from intracellular stores may
be potentiated by D1 / AC / cAMP / PKA signaling after chronic cocaine experience. For
instance, cocaine experience upregulates ryanodine receptor expression in the PFC in a
D1 receptor dependent manner (Kurokawa et al., 2011; 2012; Mizuno et al., 2013).
Ryanodine receptors are located on the endoplasmic reticulum and along with IP3
receptors, gate calcium release from these intracellular stores (Berridge, 1998). PKA can
also phosphorylate ryanodine receptors to enhance calcium release from these channels
(Marx et al., 2000; Xiao et al., 2007). Given that cocaine experience augments basal
PKA activity in the PFC (Ford et al., 2009), it may be that ryanodine receptor
phosphorylation is upregulated as well, increasing calcium release from these
intracellular stores. Moreover, prolonged PKA phosphorylation of ryanodine receptors
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may disrupt coordinated calcium signaling from stores by rendering these receptors
‘leaky’ (Bellinger et al., 2008; Lehnart et al., 2008; X. Liu et al., 2012; Zalk et al., 2007).
Perhaps this alters calcium signaling in the PFC following chronic cocaine experience, in
which case treatment strategies that aim to normalize calcium signaling from intracellular
stores may also hold promise for the treatment of drug addiction.
Neurons

tightly

regulate

intracellular

calcium

signaling,

with

ongoing

communication between intracellular calcium stores and channels that flux calcium into
the cell, as well as pumps that reduce cytosolic calcium levels by pumping calcium out of
the cell or back into the endoplasmic reticulum (Berridge, 2006; 1998; 1997; Ross, 2012;
Sabatini et al., 2002). Thus it is possible that other components of calcium signaling may
also be disrupted in the PFC following chronic cocaine experience. In support of this,
studies have demonstrated that experimenter administered cocaine enhances the
expression of L-type Voltage Gated Calcium Channels (VGCCs) in the PFC (Ford et al.,
2009). Basal PKA phosphorylation of these channels is also increased, which further
augments the conductance of these channels (Ford et al., 2009).
To better understand adaptations in intracellular calcium signaling following
chronic cocaine self-administration, future studies should incorporate techniques for
imaging calcium signaling, such as 2-photon microscopy and calcium sensitive
fluorescent dyes or genetically encoded calcium indicators. Calcium transients could
then be measured and compared in response to synaptic stimulation, or depolarization
evoked action potential firing, or while simultaneously measuring Kv7 channel function in
voltage clamp. The role for specific calcium sources could then be dissected using
pharmacology, which would help to characterize in detail the mechanisms by which
intracellular calcium signaling may be dysregulated. Given that altered intracellular
calcium signaling likely disrupts many cellular functions beyond those investigated here,
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these important future studies may help to identify additional cellular processes
disrupted in the PFC following chronic cocaine experience, hopefully facilitating the
development of novel treatment options for PFC dysfunction in addiction.

Calcium regulation of Kv7 channel function
Voltage-gated Kv7 channels activate at subthreshold depolarizations, are noninactivating, and regulate accommodation by acting as a physiological voltage clamp
(Delmas and Brown, 2005; Wang et al., 1998). They are regulated by multiple
intracellular signaling pathways, including PLC, PKC, PKA, and by molecules like PIP2
and calmodulin, which are both necessary co-factors for Kv7 channel opening
(Cruzblanca et al., 1998; Delmas and Brown, 2005; Gamper and Shapiro, 2003;
Kirkwood et al., 1991; Selyanko and Brown, 1996; Suh and Hille, 2007). While the role
for the PLC / PIP2 pathway in reducing Kv7 channel function has been well characterized,
fewer studies have implicated inhibition of Kv7 channels via intracellular calcium
signaling (Dickson et al., 2013; Kirkwood et al., 1991; Martinello et al., 2015). Here we
demonstrate that depleting intracellular calcium stores restores Kv7 channel function
following chronic cocaine self-administration and cue-induced reinstatement, suggesting
enhanced intracellular calcium signaling is responsible for the dysfunction of these
channels and contributes to the reinstatement of drug-seeking in response to cues.
While we propose a three-step process where increases in cAMP and PKA
signaling potentiate signaling from intracellular calcium stores to reduce Kv7 channel
function (Figure 16), cAMP and PKA signaling have also been reported to modulate Kv7
channel function independent of calcium, resulting instead in an augmentation of Kv7
channel inhibition. In oocytes and HEK cells, cAMP and PKA signaling has been shown
to increase the inhibition provided by Kv7 channels (Schroeder et al., 1998). Similar
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effects have been observed in cardiac cells, where AKAP9, also called Yotiao, facilitates
cAMP and PKA modulation of Kv7 channel function, resulting in a potentiation of Kv7
channel inhibition (Marx et al., 2002). While Yotiao can also be found in the brain
(Piggott et al., 2008), it remains unclear if cAMP and PKA signaling directly augments
Kv7 channel function in mammalian neurons (Delmas et al., 2005). While the data
collected here cannot confirm or refute this possibility, my observations in cocaineExt and
cueReinst tissue support a model where basal levels of both PKA and calcium store
signaling are upregulated, resulting in net reduction in Kv7 channel inhibition due in part
to calcium signaling from intracellular stores.
Future studies should further investigate this mechanism to elucidate exactly how
potentiated calcium signaling reduces Kv7 channel function following chronic cocaine
self-administration. Calmodulin acts as the calcium sensor for these channels (Gamper
and Shapiro, 2003), and is required for proper Kv7 channel function (Bal et al., 2010;
Gamper and Shapiro, 2003; Kosenko and Hoshi, 2013; Selyanko and Brown, 1996).
Endogenous Kv7 channels are highly sensitive to calcium (Gamper and Shapiro, 2003),
however dissociation of calmodulin from Kv7 channels reduces their activity (Kosenko et
al., 2012; Shahidullah et al., 2005; Yus-Najera et al., 2002). Increasing intracellular
calcium causes a conformational change in the Kv7 / calmodulin association, resulting in
reduced Kv7 channel affinity for PIP2, thus reducing Kv7 channel currents (Kosenko and
Hoshi, 2013). These effects may be coordinated by AKAPs, as Kv7 channel associated
AKAP79/150 preferentially binds calcium-associated calmodulin (Kosenko and Hoshi,
2013), promoting a dissociation of the AKAP / Kv7 channel complex and enhanced
neuromodulator induced suppression (Bal et al., 2010). PKC phosphorylation of Kv7
channels also induces a dissociation of calmodulin from Kv7 channels, reducing PIP2
sensitivity, and this too is coordinated by AKAPs (Kosenko et al., 2012). Calcineurin, a
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phosphatase activated by calcium, is also associated with Kv7 channels and
AKAP79/150, and when active decreases Kv7 channel function (Marrion, 1996; Oliveria
et al., 2007).
It is clear that multiple signaling molecules may contribute to the depression of
Kv7 channel function under conditions of potentiated calcium signaling. AKAP tethering
proteins, especially AKAP79/150 appear to coordinate each of these signaling cascades
to regulate Kv7 channel function. Given that drugs of abuse enhance AKAP signaling
and contribute to drug-seeking behavior (Reissner, 2013; Reissner et al., 2011),
selective disruption of molecular signaling at the Kv7 channel / AKAP79/150 protein
complex in the PFC may be a promising avenue to pursue for addiction
pharmacotherapy.
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Conclusion
Chronic drug use causes enduring cellular adaptations in neural reward circuits that
underlie the vulnerability for relapse. In order to development pharmacotherapies that
may help drug addicts remain abstinent and avoid relapse, mechanistic basic science
research is necessary to identify potential molecular targets for therapeutic intervention.
Adaptations in dopaminergic signaling in the PFC represent a critical node in the neural
circuit that underlies relapse, however the precise mechanisms that contribute to PFC
dysfunction in addiction remain poorly understood. The findings put forth in this
dissertation demonstrate that chronic cocaine self-administration disrupts dopaminergic
regulation of potassium channel function in the PFC, and that normalizing this
neuroadaptation by targeting Kv7 channels reduces drug-seeking behavior in response
to cocaine-paired cues. By providing mechanistic insight into PFC dysfunction in a
translational rodent model of addiction, it is the authors hope that this work will lead to a
better understanding of neural plasticity and addiction in general, as well as promote the
development of more effective pharmacotherapies for the treatment of relapse.
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